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May 8, 2015 
 
Via email and certified mail 
 
Reviewing Officer 
USDA Forest Service, Northern Region 
P.O. Box 7669 
Missoula, Montana 59807 
appeals-northern-regional-office@fs.fed.us 
 
RE:  Objections to the Darby Lumber Lands Watershed Improvement and Travel Management 

Project, Phase 1, Draft Decision Notice and FONSI – Darby Ranger District, Bitterroot 
National Forest 

 
Dear Reviewing Officer: 
 
Objectors WildEarth Guardians (Lead Objector) and Friends of the Bitterroot (“FOB”) file this 
objection to the Draft Decision Notice and Finding of No Significant Impact (“Draft DN and 
FONSI”) for the Darby Lumber Lands Watershed Improvement and Travel Management Project, 
Phase 1 (“DLL Phase I”), dated March 27, 2015.  Julie King, Bitterroot National Forest Supervisor, 
is the Responsible Official.  
 
The Objectors timely filed comments on the first Draft Environmental Assessment for DLL Phase 
I, dated January 23, 2015, and scoping comments on January 14, 2014. 
 
OBJECTIONS 
 
 
Issue 1. DLL Phase I fails to comply with the Travel Management Rule and Minimization 
Criteria  
 
Comments submitted: FOB-WildEarth Guardians pp. 5-7, 19, 24, 31, 35. 
 
In its Revised Environmental Assessment of March 27, 2015 (“Revised EA”) for DLL Phase I, the 
Darby Ranger District (“District”) failed to demonstrate how it implemented or applied the 
minimization criteria in the route designation process, consistent with the objective of minimizing 
impacts.  Therefore, the District’s Draft DN and FONSI, including the National Environmental 
Policy Act (“NEPA”) analysis for a travel management decision, does not adequately reflect how the 
Forest Service applied the minimization criteria in its motorized trail and area designations, and the 
agency’s DN and FONSI is arbitrary and capricious and violates the Administrative Procedure Act 
(“APA”), NEPA, the National Forest Management Act (“NFMA”), the Travel Management Rule 
and the ORV Executive Orders, as detailed below. 
 
When designating off-road vehicle trails and areas, federal agencies are required to minimize damage 
to forest resources, disruption of wildlife, and user conflicts.  Exec. Order No. 11,644 § 3(a), 37 Fed. 
Reg. 2877 (Feb. 8, 1972), as amended by Exec. Order No. 11,989, 42 Fed. Reg. 26,959 (May 24, 1977).  
The Forest Service must locate designated trails and areas in order to minimize the following criteria: 
(1) damage to soil, watershed, vegetation, and other public lands resources; (2) harassment of 
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wildlife or significant disruption of wildlife habitat; and (3) conflicts between off-road vehicle use 
and other existing or proposed recreational uses.  36 C.F.R. § 212.55(b)(1)-(4). 
 
Pursuant to the APA, courts must hold unlawful and set aside agency actions found to be arbitrary, 
capricious, an abuse of discretion, or otherwise not in accordance with law.  5 U.S.C. § 706(2)(A), 
(D). 
 
The Revised EA for DLL Phase I continues to fall short of the requirements for a proper NEPA 
analysis, and does not provide sufficient information to allow the Darby Ranger District to comply 
with its obligations under the Executive Orders to minimize impacts from off-road vehicle trails and 
areas.  By issuing the Draft DN and FONSI for DLL Phase I that will open previously undesignated 
routes without first applying the Executive Order criteria, the Forest Service has acted in a manner 
that is arbitrary, capricious, an abuse of discretion, not in accordance with the law, and without 
observance of procedure required by law. 5 U.S.C. § 706(2)(A), (D).  Because the District fails to 
take a hard look at impacts from off-road vehicle trails and areas, and because those impacts will 
significantly affect the quality of the human environment, the District must prepare an 
Environmental Impact Statement (“EIS”).  42 U.S.C. § 4332(2)(C). 
 
In order to satisfy the Travel Management Rule, “the Forest Service must actually explain how it 
aimed to minimize environmental damage in designating routes.”  Central Sierra Envtl. Resource Ctr. v. 
U.S. Forest Serv., 916 F. Supp. 2d 1978, 1095 (E.D. Cal. 2013).  The Forest Service cannot simply 
make conclusory statements about compliance with other laws to satisfy the minimization mandate.  
See Friends of the Clearwater v. USFS, 3:13-CV-00515, 2015 WL 1119593, at 33 (D. Idaho 2015).  
 
In Idaho Conservation League v. Guzman, the Idaho district court concluded that the Forest Service 
must do more than just consider the Executive Order “minimization” criteria, as set out in 36 C.F.R. 
§ 212.55(b).  Rather, the agency must document in the administrative record how it applied the 
criteria in its designations on the record: 
 

The language “with the objective of minimizing” means that the whole goal or 
purpose of the exercise is to select routes in order to minimize impacts in light of the 
agency’s other duties.  Simply listing the criteria and noting that they were considered 
is not sufficient to meet this standard.  Instead, the Forest Service must explain how 
the minimization criteria were applied in the route designation decisions.  

 
766 F. Supp. 2d 2056, 1074 (D. Idaho 2011).  As the court explained, “‘[m]inimize’ as used in the 
regulation does not refer to the number of routes, nor their overall mileage.  It refers to the effects 
of route designations, i.e. the [Forest Service] is required to place routes specifically to minimize 
‘damage’ to public resources, ‘harassment’ and ‘disruption’ of wildlife and its habitat, and minimize 
‘conflicts’ of uses.”  ICL v. Guzman at 1073 (quoting Ctr. for Biological Diversity v. U.S. Dept. of Interior, 
746 F. Supp. 2d 1055, 1061 (N.D. Cal. 2009)). 
 
Before designating any trails for motorized use, the District’s NEPA analysis must show how it 
actually applied the minimization criteria to all trails, and areas designated for motorized uses.  The 
District has failed to do so in the Revised EA for this project.  Although the Revised EA claims that 
it uses “multiple design features to minimize the effects of the project on natural resources,” DLL 
Phase I will create trails that damage public resources, harass and disrupt wildlife and its habitat, and 
increase user conflicts.  (Revised EA at 10).  
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By the plain terms of the executive order, DLL Phase I’s proposed mitigation measures are 
insufficient to satisfy the Forest Service’s obligation.  Rather, the agency must locate routes to 
minimize impacts in the first instance.  The Forest Service can and should apply additional 
mitigation, but that should be viewed as a second step in the process.  
 
Moreover, the proposed mitigation measures will be largely ineffective.  Most of the Project Design 
Criteria (“PDC”) are vague, aspirational goals without clear directives for minimizing impacts and do 
not mitigate for ongoing and continuous loss of vegetation and soil disturbance, and subsequent 
sediment into streams from rain and snowmelt.  For example, to “minimize aquatic effects,” the 
District claims it will perform all in-stream work “in an expeditious manner to avoid unnecessary 
impacts to the stream.”  (Revised EA at 18).  However, there is no specific direction for what “in an 
expeditious manner” means or what impacts would be avoided.  Also, to “minimize aquatic effects,” 
the District will perform all activities in the stream and immediate vicinity “in a manner to reduce in-
stream turbidity along with minimizing disturbance to the streambed and/or banks of the stream.”  
(Revised EA at 18).  Again, this PDC fails to describe what the “manner to reduce” turbidity and 
impacts to the bed and banks of streams would actually entail and how it would minimize impacts.  
 
The District’s failure to apply minimization criteria to the DLL Phase I project plan results in 
harmful environmental, wildlife, recreation, and resource consequences, analyzed below. 
 
a. DLL Phase I will further damage degraded, but valuable public resources. 
 
The Darby Lumber Lands have “significant wildlife and fisheries values as well as a long tradition of 
public access to the adjacent National Forest lands.”  (Revised EA at 1).  
 
However, prior to the implementation of DLL Phase I, “many stream crossings and sediment-
reduction measures have failed since their initial construction.  Road conditions, crossings and 
drainage features have deteriorated and now negatively affect soil, watershed and fisheries values due 
to accelerated erosion.”  (Revised EA at 2).  Furthermore, fires in 2000 adversely affected many 
project area roads.  (Revised EA at 4).  Post-fire hydrology increased both road and upland chronic 
sediment contribution by decreasing protective vegetative cover and organic layers in the soil and 
increasing runoff and surface flows.  (Revised EA at 4). 
 
The District has not only failed to explain how it will minimize impacts from trails, but it has also 
proposed several new motorized routes that will increase harmful impacts.  (Revised EA at 6).  
Despite the degraded condition of the project area, the Revised EA proposes to maintain and 
increase motorized access to all areas currently open in the acquired Darby Lumber Lands.  (Revised 
EA at 34).  The District proposes to increase the overall mileage open to motorized vehicles by 
about 11 miles.  (Revised EA at 8).  The District will create 5.3 miles of new motorized routes to 
“connect several forest system roads and enhance OHV recreation opportunities.”  (Revised EA at 
116).  
 
The Revised EA claims that the main purpose of DLL Phase I is to “reduce road-related sediment 
entering streams on National Forest System Lands in the Rye and Sleeping Child Creek drainages” 
and to “bring area streams into compliance with Bitterroot Forest Plan and Montana Department of 
Environmental Quality (MDEQ) standards.”  (Revised EA at 5).  The Revised EA lists a secondary 
purpose, “to designate several existing roads as part of a sustainable route system for OHV’s < 50”, 
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along with building several connector trails to form loop routes.”  (Revised EA at 5).  The Revised 
EA also lists a third purpose, “to promote the long-term existence of several aspen stands for 
wildlife habitat.” (Revised EA at 5). 
 
However, impacts from DLL Phase I’s secondary purpose negatively impact the first purpose and 
pose serious risks to watershed health.  Management activities associated with roads, trails, and 
cross-country motor vehicle use can “accelerate erosion and sediment beyond the historic range of 
variation and geological rate.”  (Revised EA at 117).  The primary source of erosion and sediment is 
the trail or road itself, with accelerated erosion occurring once vegetative cover is lost.  (Revised EA 
at 117).  The extent of erosion is primarily determined by trail location and a complex interaction 
between topographic, soil, and geomorphic features.  (Revised EA at 117).  
 
Wheeled vehicles increase erosion from compaction, surface subsidence, and wheel shearing and 
pumping.  (Revised EA at 117).  Geomorphic effects of roads range from chronic and long-term 
contributions of fine sediment into streams to catastrophic mass failures of road cuts and fills during 
large storms.  (Revised EA at 117).  Roads affect geomorphic processes through four primary 
mechanisms: accelerating erosion from the road surface and prism itself by both mass and surface 
erosion processes, directly affecting channel structure and geometry, altering surface flow paths, and 
causing interactions among water, sediment, and woody debris at engineered road-stream crossings.  
(Revised EA at 117). 
 
Although the Revised EA proposes a “lower level” of motorized access in the upper Sleeping Child 
watershed in an effort to complement the existing Sleeping Child Inventoried Roadless Area 
(“IRA”) character, it proposes a higher level of motorized access in Rye Creek.  (Revised EA at 22).  
All of the above-mentioned impacts will increase the potential for watershed destabilization and 
degradation. 
 
b. Trails and roads proposed under DLL Phase I will increase dust.  
 
The Revised EA fails to minimize impacts from dust and particulate matter emissions that will result 
from DLL Phase I. 
 
The Revised EA concedes that road dust, including dust from winter road sanding and summer use 
of unpaved roads, “contributes particulate matter emissions.”  (Revised EA at 61).  Road 
maintenance, storage, and decommissioning activities from DLL Phase I have the potential to 
produce dust particulate.  (Revised EA at 61).  Vehicle traffic on county roads that access the DLL 
Phase I area as well as use on Forest Service roads will generate dust particulate during dry 
conditions.  (Revised EA at 61-62).  Outside of the project area dust pollution will increase on access 
roads including Rye Creek and Sleeping Child roads. 
 
However, the Revised EA fails to demonstrate how DLL Phase I will minimize environmental 
impacts from road-related dust.  Analysis of dust impacts on water quality should be specifically 
disclosed rather than combining the analysis with impacts from road runoff.  Sediment delivered to 
streams by water running off the road can be mitigated through design.  Sediment delivered to 
streams by airborne dust could and should be minimized and mitigated by project design features 
such as utilizing dust abatement or altering the season of use. 
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c. DLL Phase I will harass elk and disrupt elk habitat.  
 
DLL Phase I area is home to a significant elk herd, and the project will increase motorized use 
within a critical elk migration corridor.  As provided in the Revised EA, “vehicle traffic on forest 
roads evokes an avoidance response by elk.” ( Revised EA at 80).  Studies have shown that increased 
motorized access within the elk summer range has contributed to elk leaving their summer ranges on 
public lands and migrating to winter ranges on private lands.  (Revised EA at 81).  
 
DLL Phase I’s motorized loops are “likely to attract increased levels of motorized use” which would 
increase the potential for human disturbance and mortality to elk during the summer in areas near 
motorized loops.  (Revised EA at 88).  Furthermore, the “[c]umulative effects to elk from past, 
present and reasonably foreseeable actions would likely continue.”  The Revised EA admits that 
DLL Phase I’s cumulative effects to elk “would likely continue over time and possibly increase if the 
area becomes more popular with motorized users.”  (Revised EA At 88). 
 
Although elk habitat losses “can be mitigated by applying road design and location standards during 
construction, and reduced through road closures,” the District failed to implement any PDCs for 
road design and construction standards that would minimize harmful impacts to elk.  (Revised EA at 
80).  
 
The Revised EA also admits that the DLL Phase I would not “fully comply with the Forest Plan 
standard for elk habitat effectiveness (EHE).”  (Revised EA at 10).  In an effort to remedy this, the 
Revised EA proposes a site-specific EHE amendment rather than designing DLL Phase I to meet 
the EHE standard.  
 
The District justifies DLL Phase I’s harassment of elk and disruption of elk habitat by stating that 
“[m]eeting the standard would result in substantial reductions in the public’s ability to access and 
enjoy portions of the Forest.”  (Revised EA at 21).  
 
d. DLL Phase I trails and roads will increase sediment in streams and disrupt native fish 
habitat. 
 
Native fish, such as cutthroat trout and bull trout, currently reside in DLL Phase I area streams, 
including Sleeping Child Creek and Rye Creek.  All of the streams within the Project area are also 
classified under the Montana Water Classification system as B1 streams.  (Revised EA at 9). 
Montana requires that B1 streams provide for the “growth and propagation of salmonid fishes and 
associated aquatic life.”  Admin. R. Mont. 17.30.623. 
 
Native fish in the DLL Phase I area are already struggling to survive due, in part, to impacts from: 
erosion, sedimentation and channel confinement from the existing road system; streambank 
instability along lower Rye Creek and lower Sleeping Child Creek; dispersed recreation and firewood 
collection along creeks; and seasonally unsuitable temperatures for native trout in the mainstem 
Bitterroot River as well as the lower reaches of many tributaries.  (Revised EA at 42).  The Revised 
EA fails to minimize these impacts and fails to apply minimization criteria to the DLL Project. 
 
The Revised EA claims that DLL Phase I would adequately protect the riparian management 
objections (“RMOs”), native fish, and their habitats.  (Revised EA at 9).  However, DLL Phase I’s 
proposed activities will deliver sediment into Sleeping Child and Rye Creek stream networks 
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immediately following project implementation.  (Revised EA at 47).  
 
Sediment in streams degrades native fish habitat by filling in interstitial spaces and pools, and 
decreasing inter-gravel dissolved oxygen concentrations.  (Revised EA at 36).  Deposited sediments 
harm native fish directly by smothering eggs in redds, altering spawning habitat, and reducing 
overwintering habitat for fry, and indirectly by altering invertebrate species composition, thereby 
decreasing abundance of preferred prey.  (Revised EA at 44).  
 
One example of sediment-delivery activities is culvert removal, which typically increases short-term 
sediment delivery to streams over one to three years despite its potential to improve sedimentation 
issues in the long-term.  (Revised EA at 47).  Short-term sediment delivery may destroy fish habitat 
and impact native fish before long-term benefits are able to materialize.  Because removing culverts 
will improve the quality of fish habitat in the long-term, the Forest Service must specify how it will 
minimize or mitigate the short-term sediment delivery impacts to native fish and fish habitat. 
 
Additionally, road and trail use generates sediment by disturbing and loosening soil at stream 
crossings and other sites within sediment-contributing distance (100 feet of streams), making any 
trails and roads within sediment-contributing distance sources of chronic fine sediment.  (Revised 
EA at 48).  Soils within the DLL Phase I area are mainly derived from granite and are easily eroded 
when disturbed or not fully vegetated.  (Revised EA at 39).  These characteristics make road systems 
built on them more difficult to manage and maintain, and create a higher risk of erosion and 
negative aquatic effects.  (Revised EA at 39).  
 
The Revised EA admits that there will be “some degree of increased traffic” on “what may become 
a more popular trail system,” but then dismisses the effects of increased traffic as “expected to [be] 
minor.”  (Revised EA at 52).  Although the Revised EA notes an increased quantity of eroded soil 
will reach stream channels from this increased traffic, it does not demonstrate how it applies the 
minimization criteria to reduce the amount of eroded soil reaching streams.  The District finally 
acknowledges the negative impacts of increased motorized use and then summarily dismisses them.  
This is not just a cumulative effect; it is a direct effect.  Putting more wheels on the ground increases 
sedimentation from traffic and increases the need for maintenance, especially where there are 
culverts.  Within the DLL Phase I area, 160 stream crossings will produce 19.3 tons of sediment per 
year.  (Revised EA at 48).  DLL Phase I will deliver a significant amount of sediment to 6th-level 
watersheds in the area. 
 
The Revised EA provides no discussion about how DLL Phase I’s increased sedimentation will 
affect sensitive native fish habitat.  Despite the potential for a net reduction in road-related sediment 
in the mid and long term, DLL Phase I will open several closed roads for motorized use.  (Revised 
EA at 48).  A newly opened trail segment in Upper Rye Creek may produce an increase in this minor 
component of the total motorized route sediment contribution.  (Revised EA at 50).  The Revised 
EA also extended the proposed season of use for TR104 – Sleeping Child Divide Trail from TR-3, 
which would have been closed for nine months from October 15 to June 15, to TR-2, which will 
now only be closed for one and a half months from October 15 to December 1.  Consequently, 
DLL Phase I will actually increase road-related sediment in native fish-bearing streams and not 
minimize harmful impacts of sediment. 
 
The environmental effects analysis is further flawed because it does not comply with the Inland 
Native Fish Strategy (“INFISH”).  In an effort to protect inland native fish and their habitats, 
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INFISH established riparian goals, riparian management objectives (“RMOs”), and standards and 
guidelines for forest management practices that protect riparian habitat conservation areas 
(“RHCAs”).  
 
The Revised EA claims that DLL Phase I meets the INFISH standards and guidelines by avoiding 
impacts to native fish and their habitats.  (Revised EA at 9).  However, DLL Phase I applies a 
standard for riparian areas that is inconsistent with INFISH.  The Revised EA describes activities 
outside of the “sediment-contributing distance” of 100 feet as being satisfactory for protecting 
streams from sediment-related impacts.  Yet INFISH requires the following standard widths for 
RHCAs to protect native fish: Category 1, fish bearing streams require at least 300 feet on both 
sides, or 600 feet total; Category 2, permanently flowing non-fish bearing streams require at least 150 
feet on both sides, or 300 feet total; and Category 4, seasonally flowing or intermittent streams and 
wetlands < 1 acre require 100 feet slope distance within priority watersheds and require 50 feet slope 
distance within non-priority watersheds. (INFISH EA, DN/FONSI, at A-5 (1995).  
 
INFISH standard RM-1 requires that the Forest Service “[d]esign, construct and operate recreation 
facilities, including trails and dispersed sites, in a manner that does not retard or prevent attainment 
of the Riparian Management Objectives and avoids adverse effects on inland native fish.”  INFISH 
also states that “[a]ctions that reduce habitat quality, whether existing conditions are better or worse 
than objective values, would be inconsistent with the purpose of this interim direction.”  (INFISH at 
E-3).  Furthermore, INFISH’s standards and guidelines for RHCAs require that “where existing 
roads, facilities, and other improvements found to be causing an unacceptable risk cannot be 
relocated, eliminated or reconstructed, those improvements would be closed.”  (INFISH at E-6).  
The Revised EA does not perform an analysis of decommissioning existing roads that is consistent 
with INFISH’s standards and guidelines because it proposes actions that will reduce habitat quality 
within the watershed. 
 
e. DLL Phase I will increase user conflicts. 
 
DLL Phase I will increase motorized use on routes in the Bitterroot National Forest, increasing 
conflicts between non-motorized and motorized users.  The Bitterroot Forest Plan’s forest-wide 
goals for recreation are to: “[p]rovide a broad spectrum of recreation experience opportunities,” and 
“[p]rovide a safe trail system that protects soil and water resources.”  (USDA Forest Service, 
Bitterroot National Forest Plan, at II-2 (1987)).  A vast majority of forest visitors enjoy quiet, non-
motorized forms of recreation.  Only 4.2 percent of Bitterroot National Forest visitors participate in 
motorized trail activity, and only 7.4 percent of visitors participate in snowmobiling.  (See USDA 
Forest Service National Visitor Use Monitoring Activity Participation Report, generated May 8, 
2015). 
 
Although the R-code mileages in Table 2.5-1 suggest a slight reduction in winter wheeled access and 
associated recreational opportunities, DLL Phase I will increase summer access for OHVs < 50” in 
width.  (Revised EA at 34).  “The overall mileage open to motorized vehicles (including all R-codes 
that allow access and trails) increases by about 11 miles in Alternative B.”  (Revised EA at 8).  
However, by creating an OHV destination loop system that will attract many more OHV users to 
the area, the result will be an increase of use for the entire road system in the area.  
 
The Revised EA erroneously claims that its contribution to user conflicts will be minor.  (Revised 
EA at 23).  First, DLL Phase I will cause increased motorized recreation within the Sleeping Child 
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IRA.  (Revised EA at 36).  Second, increased use adjacent to the IRA will result in more motorized 
noise that may be heard by recreators within the IRA seeking the benefits associated with the 
roadless area.  (Revised EA at 36).  Third, DLL Phase I will negatively affect non-motorized 
recreation due to fewer “walk-in” routes and new motorized use in acquired sections.  (Revised EA 
at 23).  Fourth, DLL Phase I will force non-motorized users to utilize routes designated as open to 
motorized use.  (Revised EA at 123).  While non-motorized users tend to favor closed roads in the 
area, these visitors would see fewer closed roads after the DLL Phase I’s proposed storage and 
decommissioning treatments.  (Revised EA at 34).  Moreover, several currently closed roads would 
be open seasonally as routes for OHVs < 50” in width, further displacing non-motorized 
recreationists who use these closed routes.  (Revised EA at 123).  Thus, DLL Phase I would increase 
the potential for major user conflicts on routes designated as open to motorized use.  
 
The Revised EA provides no specific plan, funding sources or design criteria to ensure effective law 
enforcement in the area of DLL Phase 1 to address the likely growth in motorized use.  The 
proposed action includes approximately eight new OHV/single track connectors with associated 
routes.  The OHV club intends to promote the area.  It is likely that the project area will become a 
destination site and will experience a surge in use.  With the onslaught of increased use there is high 
probability that unauthorized routes will be created, further enabling conflict with non-motorized 
users.  The District must develop a specific and detailed law enforcement plan to minimize the 
potential for user conflicts that the public can trust to be effective.   
 
Issue 2. DLL Phase I will harm bull trout. 
 
Comments submitted: FOB-WildEarth Guardians pp. 16-21. 
 
DLL Phase I will harm bull trout, listed as threatened with extinction under the Endangered Species 
Act (“ESA”).  
 
Bull trout is a threatened species of native fish that occurs in the DLL Phase I area within Sleeping 
Child Creek and some of its larger tributaries.  (Revised EA at 11 and 45).  Although bull trout are 
not currently found in Rye Creek and North Fork Rye Creek, bull trout were present in Rye Creek 
prior to the 2000 Fire.  (Revised EA at 45).  Accumulation of fine sediment has been an issue in 
Sleeping Child and Rye Creek for a few decades, but the Revised EA fails to analyze impacts from 
sediment in streams on bull trout.  (Revised EA at 44). 
 
As discussed above, the District’s environmental effects analysis is flawed because it does not 
comply with INFISH and is therefore inconsistent with the 1987 Bitterroot Forest Plan.  DLL Phase 
I actually increases sediment in streams, reducing the quality of bull trout habitat.  The Revised EA 
does not incorporate adequate or legal RHCAs from INFISH and does not address how increased 
stream sediment will affect threatened bull trout.  Therefore, DLL Phase I appears to be in violation 
not only of NEPA for failure to disclose environmental impacts of the proposal, but also of NFMA 
and the ESA for failure to comply with the forest plan and failure to adequately evaluate the impacts 
to an endangered species. 
 
The Revised EA’s flawed environmental effects analysis does not comply with INFISH’s riparian 
goals, RMOs, RHCA widths, or standards and guidelines for forest management practices.  The 
Revised EA claims that all of the alternatives would adequately protect the RMOs, native fish, and 
their habitats.  (Revised EA at 9).  However, DLL Phase I admits that it includes activities that 
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“would be considered to adversely impact bull trout.”  (Revised EA at 54).  The Revised EA’s 
improper 100-foot buffer for sediment-contributing activities is inconsistent with INFISH’s 
standard widths for RHCAs.  Because bull trout reside in Sleeping Child Creek, INFISH requires a 
buffer of at least 300 feet on both sides, or 600 feet total.  Even in streams where no fish reside, 
INFISH requires at least 150 feet on both sides, or 300 feet total. 
 
Cold water is a key factor related to the health and survival of native trout, especially bull trout.  
(Revised EA at 42).  Bull trout are most common in streams that rarely exceed 55oF (13oC).  
(Revised EA at 42).  Bull trout are common in Sleeping Child Creek, with temperatures cooler and 
more suitable to bull trout than Rye Creek.  (Revised EA at 43).  Although the Revised EA 
acknowledges that “removal of forest cover in road right-of-ways can increase solar radiation and 
wind penetration into the riparian zone, resulting in changes in riparian microclimate and stream 
temperature,” the Revised EA fails to account for DLL Phase I activities that may increase stream 
temperatures and harm bull trout.  (Revised EA at 44). 
 
The Forest Service’s approval of DLL Phase I that is inconsistent with INFISH and the 1987 
Bitterroot Forest Plan violates NFMA’s plan consistency provision, 16 U.S.C. § 1604(i), and is 
therefore arbitrary, capricious, an abuse of discretion, not in accordance with the law, and without 
observance of procedure required by law.  5 U.S.C. § 706(2)(A), (D).  Furthermore, the District must 
engage in consultation under section 7(a)(2) of the ESA to insure that DLL Phase I is not likely to 
jeopardize the continued existence of bull trout and will not destroy or adversely modify critical 
habitat for bull trout.  16 U.S.C. § 1536(a)(2). 
 
Issue 3. Trails will increase sediment to CWA § 303(d) impaired streams. 
 
Comments submitted: FOB-WildEarth Guardians pp. 17-19, 31, 35. 
 
DLL Phase I will create trails that increase sediment to 303(d) listed streams.  Rye Creek and 
Sleeping Child Creek are two of Montana’s 303(d) impaired waters.  (Revised EA at 4). Although 
both creeks support cold-water fisheries and aquatic life, sedimentation and siltation attributed to 
existing roads have already impacted these streams.  (Revised EA at 4).  
 
In accordance with the Clean Water Act, 33 U.S.C. §§ 1251 et seq., (“CWA”), the MDEQ completed 
the Total Maximum Daily Load (“TMDL”) water quality assessment for Rye and Sleeping Child 
Creeks and the downstream Bitterroot River.  (Revised EA at 4).  A Memorandum of 
Understanding between the Forest Service and Montana requires the Forest Service to achieve 
pertinent water quality standards on lands it administers.  (Revised EA at 5).  
 
The Revised EA claims that the purpose of the project is “to reduce road-related sediment entering 
the streams on National Forest System Lands in the Rye and Sleeping Child Creek drainages and 
therefore, to bring area streams into compliance with Bitterroot Forest Plan and Montana 
Department of Environmental Quality (MDEQ) standards, including the 2011 Bitterroot River 
TMDL.”  (Revised EA at 5).  
 
However, in addition to the sediment loads from the increased road and motorized trail density, a 
newly opened trail segment in Upper Rye Creek has the potential to increase the total motorized 
route sediment contribution.  (Revised EA at 50).  Upper Rye Creek is listed as one of Montana’s 
303(d) priority streams.  Trails that increase sediment to Montana’s 303(d) listed, impaired streams 
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contribute to watershed damage.  Even if the Forest Service claims that there is a net benefit in the 
project area, the newly opened trail still violates the CWA since it will increase sedimentation into a 
303(d) listed stream.   
 
The Revised EA portrays its OHV loops as a secondary purpose.  (Revised EA at 5).  However the 
Decision seems to be giving primacy to this secondary purpose.  It is unnecessary and contrary to 
the primary purpose of the project to build an OHV loop in the same area where the primary 
purpose of the project is also supposedly being targeted—an area that already has severely impaired 
water quality and reduced hunting opportunity.  In fact, by insisting that both purposes be served in 
the same area, the secondary purpose works counterproductive to the primary purpose, since the 
addition of more motorized use in this area will degrade water quality and slow improvements to 
watershed health. 
 
While driving on roads has long been identified as a major contributor to stream sedimentation (for 
review see Gucinski 2001), recent studies have found ORVs to be a significant cause of stream 
sedimentation as well.  (Sack and da Luz 2003, Chin et al. 2004, Welsh et al. 2006).  While roads 
often have greater erosion and contribute to stream sedimentation more than trails, this is not always 
the case.  One study found that ORV trails produced five times more sediment than unpaved roads.  
(Welsh et al. 2006).  It has also been demonstrated that sediment loss increases with increased ORV 
traffic.  (Foltz 2006).  A study by Sack and da Luz (2003) found that ORV use resulted in a loss of 
more than 200 pounds of soil off every 100 feet of trail each year.  For a more comprehensive 
literature review of the effects of roads, see The Wilderness Society, Transportation Infrastructure 
and Access on National Forests and Grasslands, A Literature Review (May 2014). 

 
The Revised EA provides no discussion of specific sedimentation to Little Sleeping Child, Sleeping 
Child, North Rye Creek, Rye Creek, and Divide Creek.  (Revised EA at 44).  It only provides the 
stream crossing sediment load for Upper Rye Creek, Lower Rye Creek, and Upper Sleeping Child 
Creek.  (Revised EA at 40).  If the District does not consider how much sediment is being delivered 
to these creeks currently then it would be almost impossible know whether and how much the 
proposed action will or will not minimize sediment delivery.  This constitutes a failure to comply 
with NEPA and the CWA (in addition to the minimization criteria, as explained above).  Because 
the District fails to take a hard look at sediment delivery impacts, and because those impacts will 
significantly affect the quality of the human environment, the District must prepare an EIS.  42 
U.S.C. § 4332(2)(C). 
 
RELIEF REQUESTED: 
 
WildEarth Guardians and FOB request that the Forest Service ensure that the DLL Phase I EA, 
associated decision documents, and decision: (1) comply with the Travel Management Rules, 
including a proper application of minimization criteria to route designation; (2) comply with the 
ESA to protect listed species, including by engaging in consultation with the Fish and Wildlife 
Service under section 7(a)(2) to ensure that DLL Phase I does not jeopardize listed species or 
adversely modify designated critical habitat; (3) meet INFISH standards and comply with the Forest 
Plan under NFMA; (4) comply with the CWA and state water quality standards; (5) assess the 
impacts of all roads and trails, whether open, closed, decommissioned or user-created, and whether 
legal or illegal; (6) propose meaningful mitigation measures; (7) compile and utilize needed baseline 
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data on all roads and trails; and (8) properly analyze the significant environmental effects of DLL 
Phase I by preparing an EIS. 
 
Specifically, WildEarth Guardians and FOB request the following changes to the DLL Phase I 
project that would largely correct the many deficiencies detailed above: 
 

1. Connector B should not be constructed.  Road 1392 should be closed or decommissioned to 
help with EHE compliance.  Road 73921 should not be opened due to the high risk to bull 
trout, soils and water. 

 
2. A specific plan, funding sources and design criteria should be drafted to ensure effective law 

enforcement.  In addition, at least 35% of any ATV funds utilized for the project should be 
dedicated to law enforcement. 

 
3. The decision should improve elk habitat and hunting opportunities for both archery and rifle 

seasons.  Cumulative effects on elk from this proposal are negative.  One step to correct this 
would be to drop Connectors I and L.  Currently 3 of 5 elk criteria worsen with proposal, 
including bow hunting and the EHE index.  

 
4. Connector A should be dropped and single track trail 104 not be widened as it would lead to 

104 being even further widened by ATVs. 
 

5. Trail 84 should be turned into a non-motorized trail to help offset the motorized additions 
and to protect the Sleeping Child IRA. 

 
6. Though dropped in the draft Revised EA, Fishtail needs to be effectively blocked to prevent 

future illegal motorized incursions. 
 

7. Trail 104 extension and Connector J should be dropped.  They are duplicative of motorized 
opportunity on Road 715. 

 
WildEarth Guardians and FOB are willing to meet with the Reviewing Officer at a mutually 
convenient time.  Thank you very much for your consideration of the above objections.  Please 
inform us in writing of any responses to these objections or of any further opportunities to 
comment or decisions.  The objector can be reached via telephone at (503) 730-9242. 
 
Sincerely, 

 
 
Greg Dyson, Lead Objector 
Public Lands Director 
WildEarth Guardians 
1536 Wynkoop Street, Ste. 310 
Denver, Colorado 80202 
(503) 730-9242 
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gdyson@wildearthguardians.org  
 
Jim Miller 
President, Friends of the Bitterroot 
Box 442 
Hamilton, Montana 59840 
millerfob@earthlink.net 
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(2004). 

Foltz, Randy B., Erosion from All Terrain Vehicle (ATV) Trails on National Forest Lands, 
Proceedings of the American Society of Agricultural and Biological Engineers 
Annual International Meeting in St. Joseph, Mich., Paper Number 068012 (July 
2006). 

Gucinski, Herman et al., Forest Roads: A Synthesis of Scientific Information, Gen. Tech. Rpt. 
PNW-GTR-509, U.S. Dept. Ag. Forest Serv., Pac. Nw. Research Station, (May 
2001). 

Sack, D. & da Luz, S., Sediment Flux and Compaction Trends on Off-Road Vehicle (ORV) and Other 
Trails in an Appalachian Forest Setting, 24 Phys. Geog. 536 (May 2003). 

USDA Forest Service National Visitor Use Monitoring Activity Participation Report, 
generated May 8, 2015. 

Welsh, Matthew J., Sediment Production and Delivery from Forest Roads and Off-Road 
Vehicle Trails in the Upper South Platte River Watershed, Colorado, Master of 
Science Thesis: Colorado State University, Fort Collins, Colo. (2008). 

Wilderness Society, The, Transportation Infrastructure and Access on National Forests and 
Grasslands, A Literature Review (May 2014). 



Activity Participation

Activity % 

Participation*

% Main 

Activity‡

Avg Hours Doing 

Main Activity

Viewing Natural Features  71.0  6.3  1.9

Hiking / Walking  62.7  34.8  3.3

Relaxing  57.3  3.9  4.2

Viewing Wildlife  55.7  3.4  4.0

Driving for Pleasure  28.1  5.8  1.8

Hunting  9.7  9.7  6.9

Snowmobiling  7.4  7.4  5.0

Horseback Riding  7.0  6.3  2.9

Picnicking  6.6  0.8  10.3

Gathering Forest Products  6.0  2.5  3.0

Developed Camping  5.9  3.7  34.4

Nature Study  5.7  0.1  1.1

Fishing  5.2  1.5  5.3

Downhill Skiing  5.0  5.0  4.9

Motorized Trail Activity  4.2  1.6  4.0

Backpacking  4.0  3.2  14.9

Visiting Historic Sites  3.4  0.0  0.0

OHV Use  2.5  0.8  3.1

Bicycling  2.2  1.8  2.5

Some Other Activity  1.7  0.7  9.9

Other Non-motorized  1.5  0.8  2.2

Cross-country Skiing  0.9  0.1  4.2

Non-motorized Water  0.9  0.1  2.6

Resort Use  0.9  0.3  23.6

Motorized Water Activities  0.5  0.3  4.1

Nature Center Activities  0.4  0.0  0.0

Primitive Camping  0.4  0.0  50.0

Other Motorized Activity  0.1  0.0  0.0

No Activity Reported  0.0  1.2
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Activity Participation

* Survey respondents could select multiple activities so this column may total more than 

100%.

‡ Survey respondents were asked to select just one of their activities as their main reason 

for the forest visit. Some respondents selected more than one, so this column may total 

more than 100%.

25/8/2015
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INTRODUCTION
Previous research shows that road and trail crossings
generally have negative impacts on the hydrology and geo-
morphology of forest streams. Roads and trails are active
sources of sediment, and they increase peak flows in some
cases (Reid and Dunne 1984, Wemple and others 1996).
Heavy usage can accelerate erosion, compact soils, and
decrease infiltration, leading to changes in discharge magni-
tude and timing, channel structure, sediment routing through
forest streams, and habitat degradation (e.g., Brown 1994,
Eckert and others 1979, Webb 1983). These impacts may
be more pronounced in the case of all-terrain vehicle (ATV)
trails, where users often develop improperly located trails in
addition to designated ones.

In the Ouachita National Forest (ONF), the Wolf Pen Gap
All-Terrain Vehicle Trail was created upon pre-existing roads
and opened in 1991 for public use. The system consists of
67 km of designated trails that loop through an array of
areas, including scenic Gap Creek and Board Camp Creek
(fig. 1). Because of the prevalence for off-road exploration,
and the ease with which ATVs can traverse rugged terrain,
users have also developed a network of unauthorized trails.
These trails totaled 28.2 km by 1997. Because these trails
are undesigned, they can be especially erosive and poten-
tially exacerbate any negative impacts of the planned trail
system on channel integrity.

The ONF began monitoring the effects of the ATV trail
system on water quality and stream characteristics in 1990.
Data collection continued through 1999, wherein we also
completed the mapping of the ATV trails and other roads in
the study area. In this paper, we report preliminary results
comparing pool characteristics between watersheds with
and without ATV usage during the initial period following
ATV trail construction and usage (1990-1992).

STUDY AREA
The study uses four basins within the ONF in Arkansas. The
ONF encompasses much of the Ouachita Mountains, part

of the Southern Interior Highlands of the United States (Smith
1989). The area features east-west trending ridges and
valleys, which were formed by the erosion of tightly folded
sedimentary rocks. The soils tend to be thin Inceptisols and
Ultisols with predominantly forest cover. The vegetation is
largely composed of loblolly and shortleaf pine mixed with
scattered hardwoods. The region has a humid subtropical

EFFECTS OF ALL-TERRAIN VEHICLES ON STREAM DYNAMICS

Anne Chin, Deven M. Rohrer, Daniel A. Marion, and J. Alan Clingenpeel1

1 Assistant Professor and Graduate Assistant, Department of Geography, Texas A&M University, College Station, TX 77843; Research
Hydrologist, USDA Forest Service, Southern Research Station, Oxford, MS 38655-4915; and Forest Hydrologist, USDA Forest Service,
Ouachita National Forest, Hot Springs, AR 71902, respectively.

Citation for proceedings: Guldin, James M., tech. comp. 2004. Ouachita and Ozark Mountains symposium: ecosystem management research.
Gen. Tech. Rep. SRS–74. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research Station. 321 p.

Abstract—This paper reports preliminary results from research conducted in the Ouachita National Forest to assess the
effects of all-terrain vehicle (ATV) trails on stream characteristics. The study focuses on the Wolf Pen Gap Trail that has
been in use since 1991. We examine whether that the trail system has caused increased sediment input to and deposition
within stream pools. We compared selected pool characteristics in two watersheds with ATV trails (Gap and Board Camp
Creeks) to those in two control watersheds (Brushy and Caney Creeks). Analysis indicates that watersheds with ATV trails
have pools with higher percentages of sands and fines, lower depths, and lower volumes. More research is needed to
confirm that ATV trails in fact cause these impacts, to determine what factors control impact occurrence, and to better
quantify impact magnitude.

Figure 1—Authorized all-terrain vehicle trail in the Gap
Creek watershed.



293

climate characterized by warm summers and relatively cold
and dry winters. Annual precipitation in Arkansas averages
124 cm, although orographic effects contribute to high rain-
fall variability in the study area.

The study basins of Board Camp, Gap, Brushy, and Caney
Creeks are all located in the western portion of the ONF
(fig. 2). The basins have similar geology, climate, soils, and
vegetation and are representative of watersheds within the
ONF. Board Camp and Gap Creeks flow generally west-
ward and northward, draining eventually into the Ouachita
River. Their watersheds contain the Wolf Pen Gap Trail,
whereas ATV trails are absent in the Brushy Creek and

Caney Creek basins. A road network does exist in the Brushy
Creek watershed. However, unlike the situation with ATV
trails, these roads only cross the streambed at culverts and
designed fords. Caney Creek is the least disturbed of the
study basins. Situated in the Caney Creek Wilderness
Management Area, only hiking and horse trails are allowed.
Both Caney and Brushy Creeks flow generally westward/
southward and drain into the Cossatot River.

METHODS
The study approach focuses on comparing the stream char-
acteristics of Board Camp Creek and Gap Creek (streams
with ATV trails) with those of Brushy Creek and Caney
Creek (reference streams without ATV trails). We measured
physical characteristics of the study streams using Basin
Area Stream Survey methods (BASS). BASS is a systematic
procedure for inventorying the physical, chemical, and bio-
logical characteristics of forest streams (Clingenpeel and
Cochran 1992). As part of the BASS, habitat types are iden-
tified according to McCain and others (1990); these include
low- and high-gradient riffle, lateral scour pool, mid-channel
pool, step pool, bedrock sheet, and run. Physical character-
istics measured include bankfull width, water depth, substrate
material size, and bank stability. These characteristics were
used to compute parameters for evaluating ATV trail impacts:
percent sands and fines (grains < 2.0 mm), pool depth, pool
volume, and embeddedness. Complete habitat data are
contained in Clingenpeel (1994). For this analysis, only
those habitat types containing pools are examined and data
from all pool habitat types are combined for each basin.

RESULTS AND DISCUSSION
Turbidity
Visual turbidity observations indicate that sediment inputs
differ between the ATV-affected and control streams as a
result of ATV trail usage. High turbidity levels were observed
in surface runoff from ATV trails entering Gap and Board
Camp Creeks during and after light rainstorms in the sum-
mer of 1999 (fig. 3). Pools below ATV trail crossings were
no longer clear but muddy and sediment laden (fig. 4). Such

Figure 2—Study basins in the Ouachita National Forest,
Arkansas.

Figure 3—Sediment transport along all-terrain vehicle trails after rainfall, Gap
Creek.
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observations indicate the erosive nature of the ATV trails,
and they suggest that ATV trails may be significant sedi-
ment sources for streams within Gap and Board Camp
Creek basins.

Percent Sands and Fines
Visual observations also indicate that the creeks affected
by ATV trails are experiencing increased sedimentation.
Figure 5 shows typical examples of pools within ATV-
affected and unaffected basins. The larger amount of sands
and fines in the affected basin is readily apparent. The
larger fine-sediment fractions indicate that sediment inputs
are large enough that the streams cannot readily transport
these additional loads.

Measured percents confirm that sands and fines are sub-
stantially higher in stream pools within the impacted basins.
Box plots in figure 6 show the higher values of percent sands
and fines in Board Camp and Gap Creeks. The median
value approaches 20 percent in both of these streams,

Figure 4—Example of turbid pool in Gap Creek at all-terrain vehicle crossing
after rainfall.

about twice that of Brushy and Caney Creeks. The 25- and
75-percentile values range between 10 and 30 percent
sands and fines for Board Camp and Gap Creeks, whereas
in the reference creeks, they range from 0 to 10 percent.
The 90-percentile values for Board Camp and Gap Creeks
reach 50 percent and greater sands and fines. In contrast,
for the streams without ATV trails, 90 percent of the pools
have only 20 percent sands and fines or less.

Embeddedness
Embeddedness is a measure of the extent to which cobble-
sized material is surrounded by finer materials. It is
expressed as the percent of a cobble surrounded by (or
embedded in) smaller grains; it is an additional descriptor of
sediment load in streams.

The quantitative data for embeddedness do not show clear
differences between ATV-affected and unaffected streams
(fig. 7). Median values of embeddedness are about 30 to 35
percent for all four streams. The box plots show larger ranges

Figure 5—(A) fine sediment coats cobbles within pool in all-terrain vehicle affected basin, and (B) cobbles in Caney Creek pool are clearly
visible through water.

A B
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Figure 6—Box-plots illustrating percent sands and fines in pools of
the four study streams. Median is represented by the thick center-
line. The box encloses values between the 25- and 75-percentiles.
Whiskers extend from the box to the 10- and 90-percentiles of the
data. Points outside the whiskers are extreme values.

of embeddedness values for the creeks without ATV trails.
Although Board Camp and Gap Creeks exhibit narrower
ranges of embeddedness values, a somewhat larger propor-
tion of the samples in these impacted streams have higher
embeddedness values. For example, there are no samples
in these creeks with < 10 percent embeddedness and 75
percent of their samples have values > 20 percent.

Embeddedness is a measure that has important implications
for fish habitat. When embeddedness increases, the inter-
stitial spaces around cobbles decrease, thereby decreasing
the quantity and quality of habitat for aquatic macroinverte-
brates and small fish such as darters. Therefore, any change
in channel embeddedness, particularly if the change is an
increase, can cause a series of complex chain reactions
that may be difficult to clarify and manage effectively.

Pool Depth
Streams impacted by ATV trails are somewhat shallower
than those in the reference watersheds (fig. 8). Median
depths are 20 to 25 cm in Board Camp and Gap Creeks,
about half the values of Brushy and Caney Creeks. The 75-
percentile values for Board Camp and Gap Creeks are also
lower than those of the reference streams.

Decreased depth in ATV-impacted streams is consistent
with increased sedimentation. Depth is an indication of how
viable pool habitat is during low flow or drought conditions.
Shallow pools do not provide the cover of deep pools and
are not as viable during drought. Therefore, these data
suggest a possible decline in the overall health of stream
ecosystems affected by ATV trails.

Pool Volume
Most water volume in Ouachita headwater streams is con-
tained in pools. Because of the intermittent nature of these
streams, pools serve as primary habitats for larger fish and
as a refuge for all fish during low flow or drought conditions.
Figure 9 shows pool volume is notably less for Board Camp
and Gap Creeks. Decreased pool volume is an expected
result if sediment inputs and deposition had increased in
these streams. As with lowered pool depths, smaller pool
volumes suggest possible impairment in the ecological
functioning of the two creeks affected by ATV trails.

CONCLUSIONS
In summary, preliminary analysis of paired watersheds indi-
cates that the Wolf Pen Gap Trail system appears to have
had detectable negative impacts on the structure and habi-
tat quality of stream pools. These impacts are reflected in
an increase in fine sediments in pools along with a decrease
in pool depths and volumes compared to pools in basins

Figure 7—Box-plots of embeddedness for stream pools within the
four study basins.

Figure 9—Box-plots of pool volumes within the four study
basins.

Figure 8—Box-plots of pool depths within the four study basins.
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unaffected by ATV usage. These changes are logical conse-
quences of accelerated erosion and sediment deposition,
both of which have been associated with roads and trails in
past research. Since the ATV trail system is the only impor-
tant difference between these basins, we conclude that its
presence and usage have created the observed differences.
More work is needed to determine whether there are differ-
ences between designed and undesigned trails, and which
specific features of ATV trails (e.g., slope and distance from
a stream) are most responsible for these impacts. Results
from these new studies will have important implications for
ATV management and the maintenance of healthy stream
ecosystems in the ONF.
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Abstract. The US Forest Service has identified unmanaged all terrain vehicle (ATV) use as a threat 
to forested lands and grasslands. Some undesirable impacts include severely eroded soils, user-
created unplanned roads, disrupted wetland ecosystems, as well as general habitat destruction and 
degraded water quality throughout forested lands. A study was conducted by the Rocky Mountain 
Research Station and the San Dimas Technology Development Center to evaluate ATV impacts. 
Trails were classified into one of three disturbances classes of low, medium, and high, based on loss 
of litter and vegetation, trail width, and depth of wheel ruts. Following trail condition assessment, 
rainfall simulations were conducted to measure erosion parameters on each of the three disturbance 
classes. While infiltration parameters decreased with increased levels of ATV traffic, there was no 
statistically significant difference among the three classification levels. There was, however, 
generally a significant difference between undisturbed and the combined disturbed conditions. 
Similar significant differences existed for interrill erosion. In all cases sediment loss would be 
expected to increase due to ATV traffic. Information acquired from this study will be used to estimate 
ATV traffic induced erosion and assist in the managing of ATV use. 

 

Keywords. All Terrain Vehicles (ATV), recreation, hydraulic conductivity, interrill erodibility, rainfall 
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Introduction 
The Chief of the US Forest Service, Dale Bosworth, has identified unmanaged recreation and 
especially impacts from Off Highway Vehicles (OHV) as one of the key concerns facing the 
nation's forests and grasslands (USDA, 2006). Unmanaged OHV use, which includes All Terrain 
Vehicles (ATVs), is creating a number of undesirable impacts on National Forest System Lands 
including 1) user-created, unplanned roads and trails, 2) severely eroded soils, 3) damaged 
wetlands and harm to wetland species, and 4) habitat destruction and degraded water quality 
due to trail generated sediment. 

The soaring use of ATVs on public land has meant that even the small percentage of riders who 
travel off trails and roads create considerable impacts. Many existing trails are over used and 
abused to the extent that they too are significantly impacted (Personal communication, USFS 
Washington Office, Office of Communications, Jane Knowlton, 2003). Field managers are 
seeing more erosion, water degradation, and habitat destruction. The land may be able to 
rehabilitate itself after the impact from a few ATV passes across a meadow, but multiple passes 
across the same area often result in the loss of natural rehabilitation ability (Personal 
communication, USFS Washington Office, Office of Communications, Jane Knowlton, 2003). 
The agency is committed to effectively manage its system of designated ATV routes to ensure 
routes are in the best locations, provide an enjoyable experience for users, and protect the 
natural environment. 

The Rocky Mountain Research Station and the San Dimas Technology and Development 
Center conducted a study to determine the impacts of ATVs on National Forest Lands. The 
objective of the study was to determine which types of ATVs and tire treads create an impact on 
the natural environment. For the purpose of the study an ATV was defined as any motorized off-
highway vehicle, 1.27 m or less in overall width, designed to travel on four low pressure tires, 
having a seat designed to be straddled by the operator and handlebars for steering control, and 
intended for use by a single operator and no passengers. 

At the completion of this project the goal was to be fully aware of 1) how ATV equipment affects 
trails and uncompacted areas, 2) what combination of ATV  type and tire tread cause impacts to 
trails and uncompacted areas, and 3) what were the changes to infiltration and erosion as a 
result of ATV traffic. Information derived from this study was intended to provide managers with 
a scientific basis from which to make decisions about the management of ATVs on the National 
Forest Lands. This paper discusses the infiltration and sediment aspects of the larger study. 

Methods 
The study was conducted on six forests chosen to represent the range of forests from the 
Mississippi River and westward. The ecological provinces and states were 1) Sonoran desert in 
AZ, 2) Eastern broadleaf forest (continental) in KY, 3) outer coastal plain, mixed forest in LA, 4) 
Laurentian mixed forest in MN, 5) Middle Rocky Mountain steepe-coniferous forest-alpine 
meadow in MT, and 6) Cascade mixed forest-coniferous–alpine meadow in WA. 

It was expected that ATV traffic would produce a continuum of disturbances from none to 
unacceptable disturbance. Rather than attempt to measure each structural characteristic of the 
natural environment along this continuum, three disturbance classes, low, medium, and high, 
were proposed. Disturbance classes were determined based on litter and vegetation, trail width, 
and ATV rut depth. At each location ATV traffic took place until each of the three classes was 
achieved. The low disturbance class was characterized by up to 75 mm deep ruts, up to 1.4 m 
wide trails, and up to 30% loss of ground cover. The medium condition class was characterized 
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by 75 to 150 mm deep ruts, 1.4 to 1.8 m wide trails, and 30 to 70% loss of ground cover.  The 
high condition class consisted of trail sections with ruts deeper than 150 mm, trail widths greater 
than 1.8 m, and greater than 70% loss of ground cover. 

Erosion Determination Methods 

Rainfall simulation on one meter square bordered plots was used to determine infiltration and 
rain drop splash parameters. Three replications of simulated rainfall were performed on trail 
sections with low, medium, and high disturbance plus an undisturbed section adjacent to the 
trails. The rainfall simulator used a Spraying Systems Veejet 80100 nozzle to approximate the 
raindrop distribution of natural rainfall. 

Rainfall simulation plots consisted of an upper border and two side borders of 16 gauge sheet 
metal driven into the soil to a depth of 50 mm. The lower border consisted of a runoff apron 
flush with the soil surface that drained into a collection trough with a centrally located 25 mm 
opening. The runoff apron was placed on top of a 6 mm thick layer of bentonite to prevent any 
water from flowing under the apron. Dimensions of the exposed soil inside the plot were 1 m by 
1 m. 

Two rainstorms with an intensity of 100 mm/hr and a duration of 30 minutes were applied to 
each plot. The two rainstorms were applied 3 hours apart. Two soil moisture samples from each 
side of the plot were taken at a depth of 0 to 40 mm before and after each simulated storm. 
These soil samples were oven-dried overnight at 105°C. 

The 100 mm/hr, 30 minute duration storm had a return period varying from 5 years at the LA 
site to 450 years at the AZ site. This rainfall intensity and duration were chosen not to represent 
a specific design storm, but to exceed the expected infiltration rate at each site thus allowing all 
of the plot to contribute to runoff. Entire plot contribution to runoff is a requirement when 
determining infiltration and erosion parameters from simulated rainfall. 

Once runoff began on a plot, timed grab samples in 500 ml bottles were taken each minute for 
the duration of runoff. These runoff samples were oven-dried overnight at 105°C to determine 
sediment concentrations. Water runoff rates, sediment concentrations, and sediment flux rates 
were calculated based on these samples. 

Ground cover was measured by counting the number of grid points above vegetation, rocks, or 
duff in photographs of the simulation plots. The number of grid points used for each photograph 
varied from 100 to 120. Each plot photograph was counted twice using different grid 
orientations. 

The Water Erosion Prediction Project (WEPP) model was used to determine the infiltration and 
erosion characteristics from the ATV study. The WEPP model (Flanagan and Livingston, 1995) 
is a physically-based soil erosion model that provides estimates of runoff, infiltration, soil erosion 
and sediment yield based on the specific soil, climate, ground cover, and topographic 
conditions. 

The WEPP model uses the Green-Ampt Mein-Larson model for unsteady intermittent rainfall to 
represent infiltration (Stone, et al., 1995). The primary user-defined parameter is hydraulic 
conductivity. Interpretation of this parameter is straightforward. Higher values indicate a more 
rapid rate of infiltration and, hence, less runoff. The parameter is also an indication of the 
maximum rainfall rate that a soil can absorb without producing runoff. 

Raindrop splash in the WEPP model is characterized by an interrill erodibility coefficient which is 
a function of rainfall intensity and runoff rate (Alberts, et al., 1995). This coefficient can be varied 
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by the user. Interpretation of the interrill erodibility coefficient is also straightforward, although 
the units of kg s m-4 are not intuitive. Higher values indicate higher raindrop splash erosion. 

The WEPP parameters of hydraulic conductivity and interrill erosion were determined from 
rainfall simulation on each plot. Pre-rain soil saturation, bulk density, and ground cover, as well 
as plot geometry were entered into the WEPP model. Repeated computer runs were performed 
varying an assumed hydraulic conductivity until an objective function was minimized. The 
objective function (Objhc) gave equal weight to matching the total rainfall simulation runoff 
volume and the peak flow and is shown below. 

 

Objhc = (ROmeas – ROWEPP)2 + (Peakmeas – PeakWEPP)2  1 

 

where ROmeas was the measured runoff, ROWEPP was the WEPP predicted runoff, Peakmeas was 
the measured peak runoff, and PeakWEPP was the WEPP predicted peak flow. When the 
appropriate value of hydraulic conductivity was determined, the interrill erosion parameter was 
found in a similar iterative manner until the WEPP predicted soil loss matched the measured 
sediment loss. Calculated hydraulic conductivity and interrill erosion parameters were averaged 
to represent values for each treatment class at each site.  

Results 

Rainfall Simulations 

In order to have each site representative of conditions immediately following traffic, rainfall 
simulation was intended to immediately follow the ATV traffic. This was achieved at AZ, LA, and 
WA, but not at KY, MN, and MT due to logistical conflicts between the ATV driving crew and the 
rainfall simulation crew. At KY, MN, and MT the rainfall crew made up to 100 additional ATV 
passes to reduce natural compaction and remove surface sealing that occurred between the 
end of traffic and beginning of rainfall simulation. 

The intent of the study was to attain each condition class at each site and then to perform 
rainfall simulation on each condition class, however, rainfall simulation on the high condition 
class was not always performed. At MN there was no simulation on the high class because it 
was not achieved by the traffic crew in 1,000 passes. At MT there was no simulation on the high 
class because it was only achieved in curves where it was not possible to install rainfall 
simulation plots. At AZ there was no simulation on the medium class because of time 
constraints. 

The soil texture and grain size measurements for each site are shown in Table 1. Soil textures 
ranged from loamy sand for LA to gravelly sand for AZ and MT. All sites had less than six 
percent clay, with the exception of LA which had more than 15% rock fragments. Mean grain 
size (d50) ranged from 1.38 mm (AZ) to 0.19 mm (LA). 

Average ground cover (plants, litter, and rock) for each site and disturbance class for the rainfall 
simulation plots is shown in Table 2. Changes in ground cover with ATV traffic were a major 
impact. Visually, the reduction of cover distinguishes an ATV trail from the undisturbed forest. 
Additionally, the loss of ground cover increases raindrop splash erosion because there are 
fewer plant leaves to absorb the raindrop impacts. Continued ATV use also inhibits plant re-
growth in much the same manner as vehicle traffic inhibits plant re-growth on unpaved forest 
roads. Noteworthy were 1) the decrease in cover from undisturbed to low, 2) the continuing 
decrease in cover from low through high, and 3) the lower covers at MT and WA for all 
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disturbance classes. MT sites were on a high elevation forest with less rainfall and, hence, less 
cover. The WA site was on a compacted logging road, in a burned area, and also at high 
elevation, all of which contributed to the low ground cover. Cover at the AZ site appears 
unusually high, but was visited in the spring following a wet winter. 

Inspection of Table 2 suggests that the ground covers for the disturbed classes were not 
consistent with the definitions of 0 to 30% removal, 30 to 60% removal, and greater than 60% 
removal. Values in Table 2 were taken from the rainfall simulation plots centered on the wheel 
tracks. These 1 meter square plots were samples taken from the entire 1.4 to 1.8 m wide trail 
where the trail condition assessment was performed. When the area outside the wheel tracks 
was included, the reduction in cover was consistent with the definitions. 

Table 1 – “A” horizon soil characteristics at rainfall simulation sites. 
Site Soil texture d84 

(mm) 
d50 

(mm) 
d16 

(mm) 
LA Loamy sand 0.35 0.19 0.05 
WA Gravelly loamy sand 2.86 0.50 0.05 
KY Gravelly sandy loam 3.24 0.48 0.02 
MN Gravelly sandy loam 3.22 0.96 0.02 
MT Gravelly sand 2.40 0.89 0.27 
AZ Gravelly sand 3.26 1.38 0.49 

Table 2 – Ground cover for rainfall simulations. 
Class LA WA KY MN MT AZ 

Undisturbed 99.9 47.9 99.6 90.8 69.9 96.1 
Low 49.5 25.3 42.1 33.5 17.6 42.6 
Med 31.0 6.8 14.7 15.0 3.0 ND 
High 32.5 ND 1.3 ND ND 21.4 
ND is no data because no rainfall simulation on these plots 

Erosion Parameters 

Erosion parameters of hydraulic conductivity and interrill erosion were determined for each set 
of rainfall simulation tests. The purpose was to eliminate differences in runoff and sediment loss 
due to differences in plot slope and antecedent moisture condition. Comparison of hydraulic 
conductivity and interrill erosion coefficients between sites is an improvement over comparing 
runoff and sediment loss because differences in plot ground cover, slope, and soil moisture 
have been taken into account. Additionally, these erosion parameters are need for the WEPP 
model to make erosion predictions. 

Figures 1 and 2 display the hydraulic conductivity (hc) and interrill erodibility coefficient (Ki) for 
each site and each condition class. Smaller values of hydraulic conductivity (hc) result in less 
infiltration and more runoff while larger values of Ki result in more sediment loss. Note the trend 
that hydraulic conductivity generally decreases with increasing level of disturbance class and 
that interrill erodibility generally increases with increasing level of disturbance. These trends will 
be tested for statistical significance. 
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Figure 1 – Hydraulic conductivity (hc) for each site and condition class. 

Statistical Analysis of Erosion Parameters 

A statistical analysis was performed to determine if condition class, site, and an interaction 
between condition class and site could explain the variability in both hydraulic conductivity and 
interrill erosion. For hydraulic conductivity the analysis showed that some linear function of the 
model parameters was significantly different from zero (p-value of < 0.0001). This p-value and 
the model r2 means that some combination of condition class, site, and an interaction between 
the two explained 74% of the variation in the hydraulic conductivity values. The condition class 
variable had a p-value of < 0.0001 indicating that there was a significant difference among the 
undisturbed, low, medium, and high conditions. The site variable had a p-value of < 0.0001 
indicating that there was a significant difference among the locations were the study was 
performed. The interaction (condition by site with p-value of < 0.0001) indicated that trends in 
condition class were not the same at all the sites visited. 

The analysis for interrill erosion indicated similar results, namely that some linear function of the 
model parameters was significantly different from zero (p-value of < 0.0001) and the 
combination of condition class, site, and an interaction between the two explained 63% (value of 
model r2) of the variation in the interrill erodibility parameter. Results indicated that there were 
significant differences among the disturbance classes (p-value of < 0.0001) and among the sites 
(p-value of 0.0001). The interaction was also significant (p-value of 0.008) with interrill erodibility 
trends among condition classes not being the same at all the sites. 
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Figure 2 – Interrill erodibility (Ki) for each site and condition class. 

Because there was an interaction between classes and sites, hydraulic conductivity and interrrill 
erodibility were further investigated. Those results suggested that the three condition classes of 
low, medium, and high plus the undisturbed could be reduced to two, i.e. undisturbed and 
disturbed, since there was often no statistical difference between the low, medium, and high 
classes. Table 3 displays the hydraulic conductivity and interrill erosion coefficient after 
reclassifying the condition class as either undisturbed or disturbed (α = 0.05). 

Table 3 – Hydraulic conductivity and interrill erosion coefficient from both rainfall simulations 
after reclassifying disturbance classes as either undisturbed or disturbed. 

Hydraulic Conductivity 
(mm/hr) 

Interrill Erodibility 
(106 * kg s m-4) Site 

Undisturbed Disturbed Undisturbed Disturbed 
LA 25.17 10.33 10.33 25.94 
WA 30.67 15.00 8.62 17.08 
KY 42.83 1.42 1.60 
MN 54.17 17.25 13.80 
MT 5.82 5.68 18.50 
AZ 22.42 7.42 14.67 
Values in bold indicate statistically significant differences at the 95% 
confidence level. 

One can conclude that a site is either undisturbed or it is disturbed and attempting to quantify 
levels of disturbance from a hydraulic conductivity and raindrop splash viewpoint are unlikely to 
be successful. Robichaud (2000) observed a similar result when measuring sediment loss from 
three levels of burn severity. He concluded that there was either low sediment loss from the 
unburned or high sediment loss from the low, medium, or high burn severity. In the ATV case a 
site is either disturbed or it is not with the undisturbed producing low sediment loss and the 
disturbed producing higher sediment losses. 
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Interpretation of Hydraulic Conductivity and Raindrop Splash Parameters 

Sediment loss is a combination of runoff and raindrop splash erosion. Investigation of changes 
in both hydraulic conductivity (hc) and raindrop splash (Ki) can indicate how erosion changes 
due to ATV traffic. It is possible for hc and Ki to independently increase, decrease, or remain the 
same, resulting in a total of nine combinations. A decrease in hc results in an increase in runoff. 
This additional runoff has the potential to increase sediment loss solely due to the increased 
runoff. In combinations where the Ki also increases, sediment loss has the potential to increase 
in excess of that from just the increase in runoff alone. Actual erosion increases would, 
however, depend on the transport capacity of the runoff which is primarily a function of the slope 
steepness. 

The combination that results in the greatest increase in erosion would be a decrease in hc and 
an increase in Ki. Runoff would increase and the erodibility of the soil would increase, resulting 
in an increase in sediment loss due to both the runoff and the more erosive soil. The least 
impact, and in fact a reduction in sediment loss, would result from hc increasing and Ki 
decreasing. In this case runoff would decrease and the erodibility of the soil would decrease 
resulting in less sediment than before the ATV traffic. 

In this ATV study there were only four of the possible nine combinations of changes in hc and Ki. 
The sites with the largest potential increase in sediment loss were LA and WA where hc 
decreased and Ki increased. Both of these sites had a rock-free soil texture of loamy sand. Note 
that WA had a sufficiently high fraction of rock fragments to make its classification a gravelly 
loamy sand. At these locations, ATV traffic would be expected to increase runoff and increase 
sediment loss in excess of that due to the increased runoff. At both of these sites hydraulic 
conductivity was approximately halved after traffic and Ki was approximately doubled after 
traffic. These sites and ones with similar soils would be expected to have increased runoff and 
increased sediment loss in excess of that due to the increased runoff when compared to 
undisturbed areas. 
Hydraulic conductivity decreased and interrill erosion remained unchanged at MN and KY. Soil 
texture for both of these sites was gravelly sandy loam. Here runoff would increase due to 
impacts of ATV traffic. At MN and KY post-traffic hc’s were 1/3 and 1/40 of their original values, 
respectively. Both of these sites would be expected to have large increases in runoff from ATV 
trails. The increased runoff would have the potential to increase erosion in proportion to the 
increase in runoff. These sites and ones with similar soils would be expected to have increased 
runoff and increased sediment loss in proportion to that of the increased runoff when compared 
to undisturbed areas.  
At the AZ and MT sites hc was unchanged and Ki increased, indicating that runoff would be 
unchanged but sediment loss would have the potential to increase due to the increased 
erodibility of the soil. Both AZ and MT had soil textures of gravelly sand which did not compact 
during ATV traffic. Additionally, AZ had a soil crust on the undisturbed condition that ATV traffic 
destroyed. Since the sand was not compacted, there was no statistically significant change in hc 
from the undisturbed to the disturbed condition. The soil erodibility at AZ doubled, while at MT, it 
tripled. These sites and ones with similar soils would be expected to have similar runoff and 
increased sediment loss in excess of the runoff when compared to undisturbed areas. 

Groupings of the sites based on soil texture were identical to groupings based on changes in hc 
and Ki, i.e. loamy sands at LA and WA which had decreased hc and increased Ki, gravelly sandy 
loam at MN and KY which had decreased hc and unchanged Ki, and gravelly sand at AZ and MT 
which had unchanged hc and increased Ki. The soil texture with the highest potential for 
increased soil loss was loamy sand. The lowest potential for increased soil loss was from the 
gravelly sand with the gravelly sandy loam as the intermediate. 



 

9 

Comparison to Other Erosion Parameters 

Table 4 compares values for hydraulic conductivity and interrill erodibiltity coefficient for forest, 
rangelands, and agricultural lands from the literature and values determined in this ATV study. 
The ATV undisturbed hydraulic conductivity values are similar to those reported for forest lands 
with the exception of the AZ site which was in a desert. The AZ hydraulic conductivity was 
similar to rangeland which does include desert habitats. The hydraulic conductivity due to ATV 
disturbance were below undisturbed forests, higher than forest roads, and similar to agricultural 
fields. The notable exception was KY where 30 years of ATV traffic resulted in hc values 
approaching those of an unpaved forest road. 

Undisturbed interrill erodibility values from the undisturbed condition were higher than those 
reported for forest conditions and similar to agricultural conditions. In the ATV disturbed 
category Ki values were among the highest reported and exceeded those for agricultural fields. 

Table 4 – Typical range of values for hydraulic conductivity (hc) and interrill erodibility (Ki). 
Values are from WEPP Technical Documentation, WEPP User Summary, and Fangmeier et al 
(2006). 
 Hydraulic 

Conductivity 
(hc) 

(mm*hr-1) 

Interrill Erodibility 
(Ki) 

(106 kg*s*m-4) 

ATV – Undisturbed forest 25 – 55 5 - 10 
ATV – Undisturbed desert 6 15 
ATV – Disturbed 1 – 24 2 - 26 
Forest 30 – 60 0.4 
Forest roads 0.4 – 10 3 
Forest skid trails 10 2 
Range 3 – 30 0.01 - 2 
Agricultural 5 – 30 5 – 6 

Conclusion 
This study on the impacts of ATV traffic on sediment production concluded for the levels of 
disturbance defined in this study, there was no statistical difference between the levels of 
disturbance, i.e., a trail section was either undisturbed or disturbed. Additionally, sediment loss 
would increase due to ATV trails by one of three mechanisms. Sites with loamy sand soils 
would experience an increase in runoff and an increase in sediment loss in excess of that due to 
the increase in runoff alone. Sites with gravelly sandy loam soils would experience an increase 
in runoff while sediment loss would increase in proportion to the increased runoff. Gravelly sand 
sites would experience unchanged runoff while sediment loss would increase due to the 
increased erodibility of the soil. Soil texture groupings were identical to the groupings based on 
changes in hydraulic conductivity and interrill erosion. Infiltration and interrill erosion parameters 
on ATV trails were similar to agricultural fields. 
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Effects of roads in forested ecosystems span direct physical and ecological ones (such
as geomorphic and hydrologic effects), indirect and landscape level ones (such as
effects on aquatic habitat, terrestrial vertebrates, and biodiversity conservation), and
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Abstract



Roads are a vital component of civilization. They provide access for people to study,
enjoy, and commune with forested wildlands and to extract an array of resources from
natural and modified ecosystems. Roads have well-documented, short- and long-term
effects on the environment that have become highly controversial, because of the value
society now places on unroaded wildlands and because of wilderness conflicts with
resource extraction.

The approach taken in this report is to identify known and hypothesized road-related
issues and to summarize the scientific information available about them. The report
identifies links among processes and effects that suggest both potential compatible
uses and potential problems and risks. Generalizations are made where appropriate,
but roads issues and road science usually cannot be effectively separated from the
specific ecologic, economic, social, and public lands management contexts in which
roads exist or are proposed.

Across a forest or river basin, the access needs, economic dependencies, landscape
sensitivities, downstream beneficial uses of water, and so on can be reasonably well
defined, but these relations tend to differ greatly from place to place. An effective
synthesis of road issues draws local experts together to thoroughly evaluate road and
access benefits, problems and risks, and to inform managers about what roads may be
needed, for how long, for what purposes, and at what benefits and costs to the agency
and society.

Road effects and uses may be somewhat arbitrarily divided into beneficial and detri-
mental. The largest group of beneficial variables relates to access. We identified
access-related benefits as harvest of timber and special forest products, grazing,
mining, recreation, fire control, land management, research and monitoring, access
to private inholdings, restoration, local community critical needs, subsistence, and
the cultural value of the roads themselves. Nonaccess-related benefits include edge
habitat, fire breaks, absence of economic alternatives for land management, and
jobs associated with building and maintaining the roads.

Undesirable consequences include adverse effects on hydrology and geomorphic fea-
tures (such as debris slides and sedimentation), habitat fragmentation, predation, road
kill, invasion by exotic species, dispersal of pathogens, degraded water quality and
chemical contamination, degraded aquatic habitat, use conflicts, destructive human
actions (for example, trash dumping, illegal hunting, fires), lost solitude, depressed local
economies, loss of soil productivity, and decline in biodiversity.

For each variable, we sought expert assistance from scientists actively engaged in re-
search related to roads and asked them for information, with emphases on results and
conciseness rather than exhaustive descriptions, in the following categories: issues rele-
vant to their topic; science findings; an assessment of reliability, confidence, and limita-
tions inherent in the data; the degree to which the information could be generalized to
larger geographic scales than in the original research; secondary links for each topic
to other topics; and the ability of the existing knowledge to address the issues raised.

Road development histories crucial to understanding their effects—All roads
were not created equal and do not behave the same. Road networks differ greatly in
how they developed through time and how they were laid out over terrain; they carry this
history into their present performance. The geographic patterns of roads in forest
landscapes differ substantially from place to place, with commensurate differences in
environmental effects. For example, ridgetop, midslope, and valley floor roads all behave
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differently, based on the topography they cross, the degree and type of interaction with
stream networks, their stability in and response to storms, and their effects on wildfire,
wildlife, and vegetation. Distinguishing among the effects of building, maintaining, using,
decommissioning, or abandoning roads is crucial because each of these actions affects
the environment in many ways.

Knowledge of the state of road systems in national forests is inadequate—We
currently lack sufficient information to develop a comprehensive history of the building
and maintaining of national forest roads or their current condition. The inventories of the
roads differ widely, in both content and status, and frequently lack sufficient information
to define benefits, problems, and risks.

Roads create interfaces and ecotones—Roads are long, which creates large
amounts of interface within the landscapes traversed. The strength of the interactions
at these interfaces differs with time and space; it is controlled by the contrast between
adjacent resource patches or ecological units. These interfaces may regulate the flow
of energy and materials between adjacent systems. Such sites are sensitive. They have
relatively high biodiversity, affect critical habitat for rare and endangered species, and
serve as refuges and source areas for pests and predators.

Road management involves important tradeoffs—Almost all roads present benefits,
problems, and risks, though these effects differ greatly in degree. Roads provide motor-
ized access, which creates a broad spectrum of options for management but forecloses
other options, such as nonmotorized recreation or wildlife refugia. Even a well-designed
road system inevitably creates a set of changes to the local landscape, and some values
are lost as others are gained; for example, road density and fish populations correlate
negatively over a large area in the interior Columbia basin. The basin’s environmental
assessment shows that subbasins with the highest forest-integrity index were largely
unroaded, and subbasins with the lowest integrity had relatively high proportions of
moderate or greater road density. In general, greater short- and long-term watershed
and ecological risks are associated with building roads into unroaded areas than with
upgrading, maintaining, closing, or obliterating existing roads.

Confounding variables are difficult to separate from road-related ones—Changes
in the habitat of terrestrial vertebrates, frequency of road kill, and transmission of for-
est diseases result from road use, not from the presence of the road itself. Separating
effects of roads from other landscape and ecological modifications that result from
changes in land use that roads enable is often impossible.

Geomorphic effects of roads range from chronic and long-term contributions of fine
sediment into streams to catastrophic mass failures of road cuts and fills during large
storms. Roads may alter channel morphology directly or may modify channel flow and
extend the drainage network into previously unchanneled portions of the hillslope. The
magnitude of road-related geomorphic effects differs with climate, geology, road age,
construction practices, and storm history. Improvements in designing, constructing,
and maintaining roads can reduce road-related erosion at the scale of individual road
segments, but few studies have evaluated long-term and watershed-scale changes to
sediment yields when roads are abandoned or obliterated.

Roads have three primary effects on hydrologic processes: (1) they intercept rainfall
directly on the road surface and road cutbanks and affect subsurface water moving
down the hillslope; (2) they concentrate flow, either on the surface or in an adjacent
ditch or channel; and (3) they divert or reroute water from paths it otherwise would take
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were the road not present. Problems of road drainage and transport of water and
debris—especially during floods—are primary reasons roads fail, often with major
structural, ecologic, economic, or other social consequences. The effect of roads on
peak streamflow depends strongly on the size of the watershed; for example, capture
and rerouting of water can remove water from one small stream while causing major
channel adjustments in another stream receiving the additional water. In large water-
sheds, roads constitute a small proportion of the land surface and have relatively insig-
nificant effects on peak flow. Roads do not seem to change annual water yields, and no
studies have evaluated their effect on low flows.

Forest roads can significantly affect site productivity by removing and displacing top-
soil, altering soil properties, changing microclimate, and accelerating erosion. The dir-
ect effect of roads on soil productivity is estimated to range from 1 to 30 percent of the
landscape area in managed forest lands. Losses of productivity associated with road-
caused accelerated erosion are site specific and highly variable in extent.

Natural populations of animal species are affected by habitat fragmentation caused
by the presence of roads and by avoidance of areas near roads by some species and
attractiveness to those areas by other species. Fragmented populations can produce
increased demographic fluctuation, inbreeding, loss of genetic variability, and local
extinctions. Roads fragment habitat by changing landscape structure, dissecting vege-
tation patches, increasing the amount of edge, decreasing interior area, and increasing
the uniformity of patch characteristics. Road-avoidance behavior is characteristic of
large mammals such as elk, bighorn sheep, grizzly bear, caribou, and wolf. Some
studies have shown that the existence of a few large areas of low road density, even in a
landscape of high average road density, may be the best indicator of suitable habitat for
large vertebrates.

On the other hand, roads and their adjacent environment qualify as a distinct habitat
and result in changes at the species, population, and landscape scales. Some species
are associated with edges, including those that use roads as corridors to find food.
Roads facilitate biological invasion in that disturbed roadside habitats are invaded by
exotic (non-native) plant and animal species dispersed by wind, water, vehicles, and
other human activities. Roads may be the first points of entry for exotic species into a
new landscape, and the road can serve as a corridor for plants and animals moving
farther into the landscape. Invasion by exotic species may have significant biological
and ecological effects if those species are able to displace natives or disrupt the struc-
ture and function of an ecosystem.

The effects of roads on aquatic habitat are believed to be widespread, although direct,
quantitative cause-effect links are difficult to document. At the landscape scale, correl-
ative evidence suggests that roads are likely to influence the frequency, timing, and
magnitude of disturbance to aquatic habitat. Increased fine-sediment composition in
stream gravel—a common consequence of road-derived sediments entering streams—
has been linked to decreased fry emergence, decreased juvenile densities, loss of
winter carrying capacity, and increased predation of fishes and can reduce benthic
organism populations and algal production. Roads can act as barriers to migration,
lead to water temperature changes, and alter streamflow regimes. Improper culvert
placement where roads and streams cross can limit or eliminate fish passage. Roads
greatly increase the frequency of landslides, debris flow, and other mass movement.
At the landscape scale, increasing road densities and their attendant effects are
correlated with declines in the status of some non-anadromous salmonid species.

Indirect and
Landscape-Scale
Effects



Roads can cause a wide variety of effects to terrestrial wildlife. Some species, such
as gray wolf and grizzly bear, are adversely affected by repeated encounters with peo-
ple. Roads can increase harassment, poaching, collisions with vehicles, and displace-
ment of terrestrial vertebrates, which affect many large mammals such as caribou,
bighorn sheep, mountain goat, pronghorn antelope, grizzly bear, and gray wolf. It is
estimated that 1 million vertebrates are killed annually on roads in the United States.
Direct mortality of large mammals on forest roads is usually low, except for those with
a home range straddling a road. Forest roads pose a greater hazard to slow-moving
migratory amphibians than to mammals. Nearly all species of reptiles seek roads for
cooling and heating. Vehicles kill many of them, making well-used roads a population
sink.

Chemicals applied to and adjacent to roads can enter streams by various pathways. The
effect on water quality depends on how much chemical is applied, the proximity of the
road to a stream, and the weather and runoff events that move chemicals and ediments.
Dust produced by vehicles moving on unpaved roads reduces visibility and generates
airborne particulates that can pose health hazards, such as in areas with soils contain-
ing asbestiform minerals.

A variety of products harvested from forests are being transformed into medicinals,
botanicals, decoratives, natural foods, and other products, called nontimber or special
forest products. The harvest of these products usually depends on road access. The
Forest Service is required by law to permit access to private inholdings but can re-
quire the owners to comply with standards that apply to building roads on or through
national forest land.

Economic pressures affect roads and road use, and roads have multiple economic con-
sequences. Both benefits and costs are associated with building, maintaining, and
using forest roads. The economic effects relate to forest access and user-communities,
including loggers, silviculturists, fuels managers, and recreationists. The network of
roads on national forest lands has both positive and negative effects on most Forest
Service land management programs. Reducing road densities could result in increased
timber-harvesting costs, for example. Roads have replaced stock drives for transporting
sheep and cattle to and from mountain grazing allotments. Road-related issues asso-
ciated with energy and mineral resources are access rights, property rights, and
benefits and detrimental effects. Public recreational users of national forests depend
on roads for access. Altering the road networks will affect such uses differently across
the landscape.

The increasing density of roads in and adjacent to many forest, shrub, and rangeland
areas is an important factor in the changing patterns of disturbance by fire on the
landscape. Roads provide access that increases the scale and efficiency of fire
suppression, and roads create linear firebreaks that affect fire spread. The benefits
roads provide for fire prevention and fire management carries an associated cost:
increased access has increased the role of human-caused ignitions. And road net-
works have resulted in changes in fuel patterns and fire regimes at the broad scale.

Roads also affect many less measurable attributes of the national forests, including
passive-use values: those values that people hold for things they may not expect to
use themselves but that they believe should exist for future generations. For example,
building roads in roadless areas may reduce passive-use value significantly; decom-
missioning of roads may increase such value. But decommissioning of roads also is
likely to reduce active-use values. Roads themselves sometimes have heritage value
because of historical or cultural significance.

Direct Socioeconomic
Effects

Indirect Socioeconomic
Effects



The aim of this synthesis is to focus on the scientific information about the benefits,
uses, and physical and biological effects of forest roads. Because all aspects of roads in
forests have become of great interest to the American public, research is underway in
many domains. This document represents the information available as of the date of
publication.
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Roads have become vital components of the human use of forested systems. Without
roads, development of the economic activity critical to the quality of modern life would
have been difficult, and roads remain central to many forest uses today. Roads provide
access for people to study, enjoy, contemplate, or extract resources from natural and
modified ecosystems. Building and maintaining roads is controversial, however, be-
cause of the kinds of uses they enable, concerns about their short- and long-term
effects on the environment, and the value that society now places on unroaded wilder-
ness (Cole and Landres 1996, Williams 1998).

Decisions about roads—locating, building, maintaining, and decommissioning them—
are complex because of the many tradeoffs required. The statement by Chomitz and
Gray (1996) that “rural roads promote economic development, but they also facilitate
deforestation” exemplifies recent experiences. And a tradeoff exists between access by
roads for recreation and resource extraction with the potential effects of that access on
biodiversity. Roads have been evaluated from physical, biological, and socioeconomic
points of view, often under only one perspective in isolation from the others. Such an
approach is useful for identifying issues, but it can lead to conflict and poorly informed
policy choices because it may unnecessarily play one set of values against another. For
example, a road justified only by economic criteria at the expense of ecological ones—
or vice versa—is likely to be questioned by advocates of the missing criteria. A unified
approach to analyze building, maintaining, or decommissioning roads is needed to
allocate resources wisely. This report represents our attempt to summarize the known
desirable properties of roads and their known effects on the landscape, based on the
scientific information currently available.

The approach taken was to enumerate the known or hypothesized issues and then pro-
vide a summary of the scientific information available about those issues. We provide a
synthesis that attempts to reveal where links between processes and effects suggest
both potential compatible uses and potential problems and risks.

We find that roads cannot be separated from the ecologic, economic, social, or public
land management context in which they exist or are proposed. A virtually limitless variety
of context factors renders any single, generalized synthesis to be of limited applicability
and value. An effective synthesis of all the interactions of roads, the environment, and
people can best be attempted by looking at road systems in actual places where the
myriad effects of roads are not hypothesized or generalized. For example, across a
national forest or river basin, the array of access needs, economic dependencies,
landscape sensitivities, downstream beneficial uses of waters, and so on can be rea-
sonably well defined and will tend to differ greatly from any other place.  A synthesis of
the effects of roads in a specific context can be attempted by drawing local experts
together to thoroughly evaluate road and access benefits, problems, and risks, to inform
managers about what roads may be needed, for how long, for what purposes, and at
what costs to the agency and society.

The Forest Service recently published a document Roads Analysis: Informing Deci-
sions About Managing the National Forest Transportation System (USDA FS 1999),
which can be considered a specific application of watershed analysis or a cumulative
effects analysis, wherein the principal objective is to focus on road effects. For ex-
ample, roads analysis and watershed analysis have common steps that include:

• Setting up the analysis

• Describing the situation

Introduction and
Objectives
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• Identifying issues

• Assessing benefits, problems, and risks

• Describing opportunities and setting priorities

• Reporting results and conclusions

Similar approaches to watershed analysis or cumulative effects analysis are being
adopted widely by federal (for example, Regional Ecosystem Office [REO] 1995), state
(for example, Washington Forest Practices Board 1995), and private (for example,
NCASI 1992) agencies and organizations. The exact steps and organization of the
analysis are somewhat modified by each application, but the conceptual framework is
similar. The focus of each analysis can change, depending on the principal reason for
doing it (such as timber production, wildlife, or ecosystem integrity); for example, an
analysis focused on timber production in a watershed or region would look at effects on
and of road development, water quality, wildlife, recreation, and economics. Exactly the
same set of issues would emerge if the focus were on water quality, wildlife, or recrea-
tion. The perspective and conclusions might be different, but the issues and approach
would be the same.

The roads analysis (USDA FS 1999) is intended to be an integrated, ecological, social,
and economic approach to transportation planning. It uses a multiscale approach to
ensure that the identified issues are examined in context, and it is based on science.
Analysts are expected to locate, correctly interpret, and use relevant existing scientific
literature in the analysis, disclose any assumptions made during the analysis, and reveal
the limitations of the information on which the analysis is based. The analysis methods
and the report are to be subjected to critical technical review.

This science synthesis complements the roads analysis by summarizing some of the
available scientific information on how roads affect an array of ecological, social, and
economic resources. The approach used in this document is mostly reductionist; it is
not intended to be a comprehensive encyclopedia of all available knowledge about road
effects; but this information, together with the extensive list of questions posed in the
roads analysis, should assist interdisciplinary teams in understanding and applying the
best available science appropriately to existing and potential road systems in specific
geographic contexts, across the national forest system. Commonly used definitions for
Forest Service roads are listed in figure 1.

In this section, we consider what the body of scientific work on roads allows us to
understand about how roads function in the landscape. This paper details specific posi-
tive and negative consequences of roads; here, we attempt to distill this information into
key observations relevant to road policy considerations. The work is a synthesis of a
large body of information from many sources. Inevitably, the synthesis creates potential
for interpretations beyond the more generally accepted facts about roads contained in
the rest of the document. Nevertheless, we believe they represent a reasonable set of
principles consistent with the best scientific knowledge.

Road effects and uses may—somewhat artificially—be divided into beneficial and
deleterious effects. In the former category, most variables relate to access, with a
second group of beneficial uses not related to access. We identified the following
access-related benefits or needs: timber acquisition, grazing, mining, recreation, fire
control, land management, research and monitoring, access to private inholdings,
restoration, community critical needs, subsistence, and the cultural value of the roads
themselves. Non-access-related benefits or needs included edge habitat, fire breaks,

General Considerations
of Roads Networks
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Figure 1—Legal basis and definitions for roads in the national forests.

1 Forest roads: Roads wholly or partially within, or next to, and serving a national forest and needed to protect, administer, and use the
national forest and to use and develop its resources.
2 Public roads: Roads under the jurisdiction of, and maintained by, a public authority that are open to public travel
3 Forest development roads: Forest roads under the jurisdiction of the Forest Service.
4 Uninventoried roads: Short-term roads associated with fire suppression; oil, gas, or mineral exploration or development; or timber
harvest not intended for forest-development transportation and not necessary for resource management. Regulations require
revegetation within 10 years.
5 Maintained for public use: Forest development roads open to unrestricted use by the general public in standard passenger cars,
including those roads closed seasonally or for emergencies.
6 Public lands highways, forest highways: A coordinated Federal Lands Highway Program includes forest highways, public lands
highways, park roads, parkways, and Native American reservation roads under the jurisdiction of and maintenance by a public road
authority other than the Forest Service and open to public travel.
7 Maintenance level 5: Roads that provide a high degree of user comfort and convenience. Normally double lane, paved facilities, or
aggregate surface with dust abatement; the highest standard of maintenance.
Maintenance level 4: Roads that provide moderate user comfort and convenience at moderate speeds. Most are double lane, and
aggregate surfaced. Some may be single lane. Some may be dust abated.
Maintenance level 3: Roads open and maintained for travel by a prudent driver in a standard passenger car. User comfort and
convenience are not considered priorities. Typically low speed, single lane with turnouts and native or aggregate surfacing.
Maintenance level 2: Roads open for use by high-clearance vehicles. Passenger car traffic is discouraged. Traffic is minor
administrative, permitted, or dispersed recreation. Nontraffic-generated maintenance is minimal.
Maintenance level 1: These roads are closed. Some intermittent use may be authorized. When closed, they must have barricades, berms,
gates, or other closure devices. Closures must exceed 1 year. When open, a road may be maintained at any other level. When closed to
vehicular traffic, they may be suitable and used for nonmotorized uses, with custodial maintenance.
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the absence of economic alternatives for land management, some positive effects on
water quality, and the jobs associated with building and maintaining these systems.
This analysis uncovered factors that could lessen negative effects of roads by better
integrating engineering approaches with knowledge of road effects.

Negative consequences include effects on hydrology, geomorphic features such as
debris slides, sedimentation, habitat fragmentation, predation, road kill, invasion by
exotic species, dispersal of pathogens, water quality such as chemical contamination,
aquatic habitat, use conflicts, human actions (for example, trash dumping, illegal hunt-
ing, fires), the cost of lost solitude, local economies, soil productivity, communities, and
biodiversity.

For each variable, we sought expert assistance from scientists actively engaged in re-
search related to roads and asked for information in the following categories, with
emphases on results and conciseness rather than exhaustive descriptions: issues re-
levant to the topic variable; science findings; an assessment of the reliability, confi-
dence, and limitations inherent in the data; the degree to which the information could be
generalized to larger geographic scales than those of the original research; the second-
ary links from this topic to other topics; and the ability of the existing knowledge to
address the issues raised.

We note that the limitations of science set the bounds for subsequent interpretations,
we offer a synthesis of the available scientific information, and we consider how these
science-based observations might be used in developing future road policy.

Despite the shortcomings described, we believe that the available science on road
effects can provide considerable guidance in evaluating benefits and costs associ-
ated with roads. Our interpretation of the scientific literature leads to the following
observations.

Roads differ greatly—All roads are not created equal and do not behave the same.
Road networks differ greatly in development through time and layout over terrain, and
they carry this history into present performance. In many parts of the National Forest
System, the major roads were built in the 1950s and 1960s, with secondary and tertiary
feeder roads following as the road networks expanded into watersheds. In other areas,
logging roads developed from previous road systems used for mining in the Rocky
Mountain and Southwestern states or agriculture in the southern Appalachians, Ozarks,
and New England. Thus, changes in road standards through time (for example, width,
construction methods, position in the landscape) have affected different parts of road
networks. Consequently, each road network commonly contains a collection of old and
new types and standards of roads designed for various purposes that cross terrain of
differing sensitivities. This mosaic of road segments has implications for how roads will
be managed in the future (Gullison and Hardner 1993).

The geographic patterns of roads in forest landscapes differ substantially from place to
place, with commensurate differences in environmental effects. In the glaciated terrain
of southeastern Alaska, for example, main roads were built on the broad, major valley
floors, and the high-value timber that grew on lower hillslopes was brought downhill to
them. In forests along the west side of the Sierra Nevada in California, on the other
hand, major roads were built along broad ridges, with secondary roads leading down
into headwater areas. The main roads into western Oregon forests entered watersheds
along narrow stream bottoms and then climbed the adjacent steep, unstable hillslopes to
access timber extending from ridge to valley floor. These configurations, combined
with local geology and climate, resulted in very different effects of roads on watershed,
wildlife, vegetation, recreation, and disturbance processes.
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Even in the same region, road effects differ by landscape position. Ridgetop, midslope,
and valley floor roads all produce different effects, based on the topography they cross,
the degree and type of interaction with stream networks, the stability and response to
storms, and the effects on fire, wildlife, and vegetation.

Different phases of road development have different effects on the landscape. Distin-
guishing among the effects of building, maintaining, usage, decommissioning, or aban-
doning of roads is crucial because they usually affect the environment in several ways.

Road development history crucial to understanding effects—The effects of roads
differ over time. Some effects are immediately apparent (such as loss of solitude or
creation of edge), but others may require an external event, such as a large storm, to
become visible (such as road-related erosion or mass movement). Still other effects
may be subtle, such as increased susceptibility to invasion by exotics, pathogens
noticed only when they become widespread in the landscape, or increased road use
as recreation styles and motor vehicles change.

With time, roads often adjust to the ecosystems they are embedded in. Some segments
blend with the landscape and reach a new ecological and hydrological balance, or
better, a metastable state. Such a state will be different for a road transecting old-growth
forest than for a road in an otherwise highly disturbed landscape. A critical issue in the
decommissioning of a road is whether disrupting the new environmental balance created
by the presence and aging of the road is desirable. As other segments of the road age,
however, some features (such as culverts and disrupted subsurface drainage paths)
become increasingly unstable; the probability of failure increases with road age. Some-
times, decommissioning a road can have significant environmental effects because the
road has become part of the evolving landscape.

Decommissioning also can avert significant future environmental effects of the road.
One last precaution in generalizing about the environmental effects of roads is to deter-
mine the age and condition of the road and evaluate the degree of landscape adjustment
to the road and vice versa. Roads produce long-term legacies on the landscape. Many
roads built by the Roman Empire centuries ago have disappeared from the landscape,
but their legacies remain in the sediment layers of Italian lakes (Hutchinson 1973) and
in strips of unique vegetation growing on limestone soils (derived from the limestone
slabs used to build the road) in landscapes of acid podzolic soils (Detwyler 1971). In
Lago di Montesori, Italy, the building and use of Via Cassia resulted in a pulse of
eutrophication that lasted 2,000 years before it abated when the road was abandoned
(Hutchinson 1973). Strips of fern populations in the Caribbean National and Luquillo
Experimental Forests in Puerto Rico, serve as indicators of the skid trails abandoned
more than six decades ago in these wet forests (Garcia-Montiel and Scatena 1994).
These legacies are useful in historical reconstruction of landscapes because they help
to explain the relevance of yesterday’s activities to today’s landscapes (Burel and
Baudry 1990). In the process, more is learned about ecosystem resilience and how
ecosystems continuously adjust to change.

We do not currently have sufficient information to develop a comprehensive picture of
the construction or maintenance history or the current condition of the roads comprising
our national forest road networks. Although much information on roads exists at a var-
iety of scales (district, forest, region), and some national forests have invested in inven-
torying and developing road databases, no common framework or database exists for
accessing road development information. For environmental consequences, little infor-
mation exists on old, abandoned roads that still pose risks of failure. Other data
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important to defining effects, such as the location and configurations of road-stream
crossings, are not available for most places. Without such a database, developing a
comprehensive picture of where the road system currently stands, what parts of it need
work, and where restoration activities should be focused will be difficult and analyses
may be limited at best.

Road inventories for the national forests are highly variable, frequently incomplete or
inaccurate, and lack information needed to define benefits, problems, and risks. For
most national forests, the inventory contains very limited, transportation-related data,
such as road maintenance level and surface type. These data, though useful for some
purposes, may be wholly inadequate to address such considerations as sedimentation
hazards, migration barriers, landslide potential, road-stream connectivity, or other im-
portant aspects of the environmental effects of roads. Other useful data may exist in
various forms, but because they are not systematically collected or maintained, they are
nearly impossible to access for analysis. Without suitable data, some important aspects
of the analysis of roads cannot proceed.

Roads create interfaces and ecotones—Because roads have great length, the inter-
face surface between roads and the ecosystems of the landscape traversed is maxi-
mized. Naiman and Décamps (1997) recognized that the strength of the interactions at
these interfaces differs with time and space, and it is controlled by the contrast between
adjacent resource patches or ecological units. They compare these interfaces to semi-
permeable membranes regulating the flow of energy and materials between adjacent
systems. They note that interfaces “have resources, control energy and material flux,
are potentially sensitive sites for interactions between biological populations and their
controlling variables, have relatively high biodiversity, maintain critical habitat for rare
and endangered species, and are refuge and source area for pests and predators.” The
road interface may be split into two zones (roadside and ecotone) to highlight the dif-
ference between vegetation along the roadside and vegetation in the zone at the inter-
face of the road. That interface can be sharp or gradual and form an ecotone that
differs from both the roadside and the adjacent natural ecosystem.

The width of the surface of a road differs from the width of its ecological influence
(Auerbach and others 1997; Forman, in press; Forman and others 1997; Larsen and
Parks 1997; Reck and Kaule 1993). For example, a road may be 30 feet wide, but it
may influence an additional 80 feet of adjacent land because of disturbance during
construction and the buffer zone for the pavement, making the road effectively 110
feet wide. That same road has an ecological influence that can extend an additional
unknown distance from storm water runoff—influence over the home range of wildlife,
geomorphic alterations upstream and downstream, distance its noise and dust carry,
and views it provides.

Road management usually involves important tradeoffs—Almost all roads present
benefits, problems, and risks, though these effects differ greatly in degree. Roads per-
mit motorized access, which creates a broad spectrum of options for management but
forecloses other options, such as wilderness, nonmotorized recreation, or some types
of wildlife refugia. Even a well-designed and well-built road system inevitably creates a
set of changes to the local landscape, and some values are lost as others are gained.

Tradeoffs accompany specific decisions about roads, such as construction method.
Full-bench road construction, for example, may decrease the risk of fill slope failure,
but it also may increase the potential for groundwater interception with attendant water
quality risks.

Knowledge of the State
of Road Systems in
National Forests Is
Inadequate
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In public wildlands management, road systems are the largest human investment and
the feature most damaging to the environment. Thus the choices about what roads are
needed, for what purposes, for how long, and at what cost—to public ecological re-
sources as well as financial—are critical decisions in managing public lands.

Roads can be thought of as ecosystems—Synthesis of the effects of roads on ter-
restrial ecosystems may be facilitated by viewing roads as “techno-ecosystems,” as
recently described by Lugo and Gucinski (2000). Roads occupy ecological space (Hall
and others 1992), have structure, support a specialized biota, exchange matter and
energy with other ecosystems, and experience temporal change. Road “ecosystems”
are built and maintained by people (techno-ecosystems; Haber 1990) and are charac-
terized by open fluxes of energy and matter and a predominance of respiration over
photosynthesis; that is, they are heterotrophic and highly subsidized systems. To appre-
ciate that features associated with roads function as an ecosystem and interact with the
surrounding forests requires thinking about the flow of materials, energy, and organisms
along road corridors, vegetation zonation, the interaction with the human economy and
human activity, and the external forces that converge on the road corridor (Donovan and
others 1997; Forman 1995a, 1995b). (See fig. 2).

Roads connect and disconnect—Roads are corridors that can connect contrasting
ecosystem types. Because roads provide a somewhat homogeneous condition through
the length of the corridor, they provide opportunity for organisms and materials to move
along the corridor, thereby increasing the connectivity (Merriam 1984) among those
ecosystems interfacing with the road.

The degree of connectivity between roads and streams (that is, the number of stream
crossings and areas where roads and streams are near enough to strongly interact) is
recognized as a good general indicator of the interactions between the two and of
potential effects roads can exert (Wemple 1994). Where both stream and road densi-
ties are high, the incidence of connections between roads and streams can be expected
to also be high, resulting in more common and pronounced effects of roads on streams
than in areas where road-stream connections are less common and dense. (fig. 3).

The economic benefits of roads could be seen as a function of connecting commod-
ities, such as timber, minerals, recreational opportunities, and so on, with potential
users.

Roads also can function to disconnect important features of ecosystems. Many roads
built next to streams isolate or disconnect streams from their flood plains, with adverse
effects to stream dynamics and associated aquatic biota. Roads can block the move-
ment of some animals, such as wolves crossing wide roads or fish being blocked from
their upstream movement by perched culverts.

Road density and fish populations correlate across a large area in the interior
Columbia basin—One of the few examples of landscape-scale analysis of road in-
fluences has been the interior Columbia River basin environmental assessment (Quigley
and others 1997). The evaluation of road density and forest and range integrity in that
study may serve to illustrate landscape-scale interaction of roads with their surround-
ings. Forest and range indices of integrity were developed that showed sub-basins
having the highest forest-integrity index were largely unroaded and comprised cold
forest “potential vegetation groups,” or a mixture of moist and cold forest groups. Of the
five indicator variables used, the proportion of a subbasin composed of wilderness or
roadless areas seemed most closely associated with subbasins having high integrity
indices; 81 percent of the subbasins classified as having the highest integrity had

Recent Efforts at
Describing Roads in the
Landscape May Be
Helpful
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relatively large proportions of wilderness and roadless areas (>50 percent). Conversely,
of subbasins with the lowest integrity, 89 percent had low proportions of roadless and
wilderness areas, 83 percent had relatively high proportions of at least moderate road
density (0.27 miles/square mile). None of the seven subbasins having high rangeland
integrity had areas of moderate or high road densities. The correlation of basin or sub-
basin integrity is not total, thereby suggesting that other variables and mechanisms are
complex and nonuniform (but see text below for additional caveats).

Recreation surveys suggested the three most highly ranked uses of land administered
by the Forest Service and Bureau of Land Management in the interior Columbia basin
today are timber, fishing, and hunting. Projected major uses by 2045 will be a shift to
motor viewing and day and trail use, even though this area has 70 percent of the un-
roaded areas of  >200,000 acres remaining in the conterminous 48 states.

Strong fish populations were more frequently found in areas with low rather than high
road densities. Supplemental analyses “clearly shows that increasing road densities and
their attendant effects are associated with declines in the status of four non-anadro-
mous salmonid species.... They are less likely to use highly roaded areas for spawning
and rearing, and, where found, are less likely to be at strong populations levels” (Lee
and others 1997).

These findings are a “consistent and unmistakable pattern based on empirical analysis
of 3,327 combinations of known species status and sub-watershed conditions, limited
primarily to forested lands administered by BLM/FS” (Lee and others 1997). Although
unroaded areas are significantly more likely than roaded areas to support strong popu-
lations, strong populations are not excluded from roaded watersheds. Possible reasons
for this coexistence are that the inherent productivity of some areas allows fish popu-
lations to persist despite disturbances linked to roads; real or detectable effects on fish
populations may lag behind the initial physical effects in watersheds where roads have
been added in the last several years; and the scale of the subwatershed (18,000 acres

Figure 2—The volume of geographical space occupied by a road, whereby the distance of the road effect is
used to define its width and height. The volume changes given the ecological conditions in the area the
road traverses (from Lugo and Gucinski 2000).
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on average) at which strong populations are identified may mask a potential disconnect
between the real locations of fish strongholds and roads (identified at resolution of 0.38
square mile). In general, greater short- or long-term watershed and ecological risks are
associated with entering an unroaded area than with proceeding continuously with man-
agement activities in roaded areas to upgrade, maintain drainage, or close or obliterate
existing roads.

Limitations of science—The existing science about roads goes far in establishing what
and where problems are likely to arise. More than half a century of research and ex-
perience supports designing, building, and maintaining forest roads. Most of the major
engineering problems associated with roads have been solved, and a wealth of informa-
tion exists on many of the physical effects of roads, particularly on hydrologic and geo-
morphic watershed processes. Information on the biologic effects of roads is improving.
Getting this knowledge into practice is more an economic, social, and political issue
than a technical one. Less well understood but increasingly studied are the ways that
the social and cultural settings of roads influence the benefits, problems, and risks that
roads present.

Despite this extensive base of literature and understanding, a striking conclusion from
our assessment of the current state of scientific understanding of roads is that virtually
no attempt has been made to integrate this information into a comprehensive picture of
how roads function in the landscape—physically, biologically, and socially. Despite the
ubiquity of roads, no “science of roads” exists. Instead, many disciplines offer their
perspectives: engineers study road design and performance, hydrologists evaluate
effects of roads on water and sediment, ecologists consider effects on vegetation and

Figure 3—The incidence of road-stream connections, such as stream
crossings (the black dots) is related to the density of both roads and
streams in the landscape (Swanson and others 2000).
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wildlife, and transportation planners focus on road layout in relation to other forest re-
sources and uses. Few efforts have been directed toward viewing the gamut of road
benefits and effects systematically and simultaneously, or to developing general meth-
ods for evaluating risks posed by roads in individual watersheds. Further, the inventory
and evaluation of roads is usually limited by ownership: The Forest Service focuses on
roads in national forests and generally ignores roads within adjacent ownerships; states
evaluate state highways; and the U.S. Department of Transportation evaluates federal
highways.

We expect that implementing systematic analyses of road systems in national forests
(as part of forest planning and other project planning; USDA 1999) will soon produce
abundant examples of intermediate- and large-scale analyses. We hope that those
analyses will look beyond ownership to produce a comprehensive evaluation of roads
as a system. We have noted that the science information on the benefits of roads is
not well developed. The form of scientific approaches for measuring benefits is largely
based on economic analyses, which tend to focus on monetary cost differentials pro-
duced by the presence or absence of roads. Even in that arena, the data are not rigor-
ously developed. Approaches from the social sciences are based on measurements of
public perceptions and public desires, but the total data set does not comprise a highly
developed scientific base.

Past studies (with the single, large exception of the interior Columbia River basin en-
vironmental assessment) have shed little light on the effects of roads across the whole
landscape. Deciphering road effects at large spatial scales is difficult because past
studies either focused on the performance of individual road segments, or else road
effects were confounded by other simultaneous treatments. Most engineering studies,
for example, look at the performance of specific road types (such as arterial, collector),
features (road surfaces, cutslopes), or engineered structures (culverts) without examin-
ing how the road network functions in relation to adjacent hillslopes and an intersecting
stream network. Where roads have been looked at in a watershed context, as in small
watershed experiments, effects of roads often have not been distinguished from those of
other treatments, such as logging or site preparation, that typically accompany roads.
Treatments only of roads are rare and may continue for just a few years before other
treatments are applied.

Despite the size of the forest road network, road effects have been examined in only
a few places. Much of what we know about forest roads comes from studies in the
Appalachians, Pacific Northwest, and Rocky Mountains—areas with known road prob-
lems. Given the wide variability in road history, age, construction methods, and use
patterns in relation to topography, climate, and social setting, the narrow geographical
scope of these studies limits their extrapolation to other regions or their usefulness in
addressing more subtle effects.

Research has not typically considered an array of major effects and their interactions.
We found only one study (either by way of case study or conceptual framework)
addressing the broad range of major road effects. A recent report from the Transpor-
tation Research Board that addresses effects of motor vehicles—and by extension,
roads—on climate and ecology focuses on the effects of vehicle emissions; only eight
pages are devoted to a discussion of the effects of vehicle infrastructure (that is, roads),
and the discussion of conserving biodiversity is limited to selected variables. Another
recent paper focuses almost exclusively on the ecological damage posed by roads with
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scant attention to their potential benefits (Forman and others 1997). We know of no
studies that provide a systematic way of evaluating risks and benefits from building,
using, and removing roads. Such studies are needed to assess tradeoffs among the
exceptionally diverse roles of roads in forest landscapes.

This overview of scientific information leads us to conclude that the emerging science of
the effects of roads as networks in the landscape requires considerable new research.
Because of the high degree of variability of roads from place to place and region to re-
gion, a framework for evaluating benefits, problems, risks, and tradeoffs among them
would provide a powerful decisionmaking tool. We believe such a framework is now in
place (USDA FS 1999). Conducting these analyses is well within the grasp of capable
specialists, planners, and managers who can bring their expertise to the problem of
reducing risks from past, current, or planned roads and targeting future road-restoration
activities. The science pieces are already developed to analyze and integrate road
systems and their effects.

Valid and useful analyses of road systems cannot proceed in the face of outdated,
incomplete inventories lacking data needed to address important questions. Accurate
and current road inventories that include information relevant to environmental effects
analyses are needed.

Long-term and ongoing science initiatives would yield valuable information on how the
effects of roads develop and change over time. Areas of research should include the
effects of progressive road development and how road effects diminish or increase
through time, even under constant road configuration. Some observations suggest, for
example, that roads systems increasingly connect surface water flow paths to streams
over decades, via gullies and landslides in steep terrain. Effects of road restoration
practices also need to be evaluated in long-term studies, because both effects and
practices are likely to evolve over time. Research on social and cultural perspectives
on road use and presence is a key area for future work.

Several possible models might be used to organize a discussion of the ecological and
physical effects of roads in forested landscapes. The most logical organization might
start from the smallest scale of measurable effects and proceed to the landscape scales.
At present, however, our knowledge is too imperfect and too fragmented to fully appre-
ciate and integrate landscape-scale effects. Thus, we have used an approach that goes
from the most direct effects to the secondary and indirect effects of forest roads. To a
large degree, this model implies we will proceed from understanding effects of road
segments to understanding effects of a road network.

We list physical effects first, stressing geomorphic and hydrologic processes, followed
by effects on site productivity. Then we move to effects of habitat fragmentation, bio-
logical invasion, and other habitat changes that roads introduce. The direct effects—
especially the physical ones, such as increased sedimentation and increased risk of
slides and debris flows—are much affected by road design and placement on the land-
scape. Thus, when consequences of roads are aggregated at the landscape scale, the
proportion of old roads to new ones that incorporate improved engineering design must
be taken into account.

Indirect physical, biological, and landscape-scale effects, sometimes known only from
empirical relations, constitute the next set, and include aquatic habitat effects both
observed in instream consequences and broad-scale potential effects. Changes in the
habitat of terrestrial vertebrates, road kill, and transmission of forest diseases by road
traffic are even more complicated, in that they introduce effects not from the road itself,
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Direct Physical and
Ecological Effects

Geomorphic Effects,
Including Sedimentation
and Landslides

but from road use. Such effects clearly can be stopped by closing a road, but they also
can be reduced or altered by changing patterns of road use, allowing for a range of
options different from the options roads introduce just by their presence. Lastly, con-
serving biodiversity is such a broad and unexplained topic that we can sketch only a few
of its aspects; we cannot state unequivocally what specific roles roads have in the inter-
play of populations, modified habitat, the new techno-ecosystem, road kill, and the com-
plex ecological results when alien species modify forest landscapes. We also cannot
separate the effects of roads from land-use changes on adjacent lands made accessible
by roads; all modify species composition and survival of their populations.

We have addressed socioeconomic effects of roads in forest systems in a manner
that follows the pattern introduced in the discussion of physical and biological effects:
namely, we examine direct effects first, followed by a discussion of indirect effects or
effects at a larger, landscape scale.

Some studies have separated road effects from land-use effects, including timber har-
vest on adjacent lands; other studies have not. Thus, this synthesis may have allowed
these effects to be combined. Although we have made every effort to remove these con-
founding factors, the reader must carefully evaluate the data presented and consider to
what degree we have succeeded.

The following sections are summary discussions of the interaction of roads with adja-
cent landscape components. They also briefly summarize the available information
about the effects of roads on the environment and deliberately have been kept short with
references provided for further study.

Issues—More than 50 years of research and many case examples place the effects
of forest roads on geomorphic processes squarely at the heart of the debate prompting
reexamination of existing and future road networks on public lands. Geomorphic effects
of forest roads range from chronic and long-term contributions of fine sediment into
streams to catastrophic effects associated with mass failures of road fill material during
large storms. The interactions of roads and land surfaces are often complex; for ex-
ample, on one part of the hillslope, roads may trigger mass failures, and roads down-
slope from them may trap material derived from these failures. Roads and road building
may alter channel morphology directly or may modify channel flow paths and extend the
drainage network into previously unchannelized portions of the hillslope. Economic ef-
fects of road failures during storms has been discussed; less clearly understood are the
cumulative or downstream consequences of road-related changes to geomorphic proc-
esses. Major issues motivating concern about road-related erosion include potential
degradation of aquatic habitat and water quality and risks to public safety and structures
downstream.

Findings—Roads affect geomorphic processes by four primary mechanisms: acceler-
ating erosion from the road surface and prism itself by both mass and surface erosion
processes; directly affecting channel structure and geometry; altering surface flow
paths, leading to diversion or extension of channels onto previously unchannelized por-
tions of the landscape; and causing interactions among water, sediment, and woody
debris at engineered road-stream crossings. These mechanisms involve different phy-
sical processes, have various effects on erosion rates, and are not uniformly distri-
buted either within or among landscapes. In steep forest lands prone to landsliding, the
greatest effect of roads on erosion rates is from increased rates of mass soil movement
after road building. Mass soil movements affected by roads include shallow (three to
several feet deep) debris slides, deep-seated (depths of tens of yards) slumps and earth
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flows, and debris flows (rapid channelized and fluidized movements of water, sediment,
and wood). Of these, effects of roads on debris slides and flows have been the most ex-
tensively studied, typically by landslide inventories using some combination of sequen-
tial aerial photography and ground verification. Accelerated erosion rates from roads
because of debris slides range from 30 to 300 times the forest rate, but differ with
terrain in the Pacific Northwest, based on a unit area in forest lands ranging from the
U.S. Pacific Northwest to New Zealand (Sidle and others 1985). After the 1964 flood in
the Pacific Northwest, Swanson and Dyrness (1975) documented increased rates of
landslide frequency up to 30 times the rates in unmanaged forested areas. Similar in-
ventories have been conducted elsewhere in the Western United States including Idaho
(Megahan and others 1978), Washington (Reid 1981), and northern California, each
documenting increased rates of landsliding in road areas relative to unmanaged for-
ested areas. The magnitude of road-related mass erosion differs with climate, geology,
road age, construction practices, and storm history. Several studies in the Eastern
United States show that landslides are driven more by storm magnitude and geology
than by land use. A threshold of 5 inches of rain per day (Eschner and Patric 1982)
and metasedimentary geology are associated with large debris slides in the Appalach-
ians. Road drainage can cause small slides in road fills; nevertheless, some major
landslides originate in undisturbed forest land (Neary and Swift 1987, Neary and others
1986).

Road-related mass failure results from various causes. Typical causes include improper
placement and construction of road fills and stream crossings; inadequate culvert sizes
for water, sediment, and wood during floods; poor road siting; modification of surface or
subsurface drainage by the road surface or prism; and diversion of water into unstable
parts of the landscape (Burroughs and others 1976, Clayton 1983, Furniss and others
1991, Hammond and others 1988, Larsen and Parks 1997, Larsen and Simon 1993).
Effects of roads on deep-seated mass movements have been much less extensively
studied, although cases are documented of road building apparently accelerating earth-
flow movement. This can occur by destabilizing the toe area or diverting water onto the
earth-flow complex (Hicks 1982). Little is documented about the potential for increased
mass failures from roads resulting from decay of buried organic material that has been
incorporated into road fills or landings during road building. Anecdotal evidence is
abundant that failures occur predictably after decay of the organic material.

Although mass erosion rates from roads typically are one to several orders of magni-
tude higher than from other land uses based on unit area, roads usually occupy a
relatively small fraction of the landscape, so their combined effect on erosion may be
more comparable to other activities, such as logging. Studies by Swanson and others
(1981) in the Oregon Coast Range, for example, showed that although unit-area erosion
from roads was 30 times greater than the increase from clearcutting alone, road-related
landslide erosion accounted for just three times as much accelerated slide erosion in
the watershed when the area in roads and clearcuts was taken into account. Road and
clearcut erosion were nearly equal in a study in the west side of the Cascade Range in
Oregon (Swanson and Dyrness 1975). In the Klamath Mountains of southwest Oregon,
erosion rates on roads and landings were 100 times those on undisturbed areas, but
erosion on harvested areas was 7 times that of undisturbed areas (Amaranthus and
others 1985).

A related point is that only a few sites can be responsible for a large percentage of the
total erosion. For example, major erosional features occupied only 0.6 percent of the
length of roads studied by Rice and Lewis (1986).
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Although road location, design, construction, and engineering practices have improved
markedly in the past three decades, few studies have systematically and quantitatively
evaluated whether these newer practices result in lower mass erosion rates (McCashion
and Rice 1983). Retrospective analysis of road-related landslides in the Oregon Coast
Range suggests some reduction in slide frequencies because of improved road siting
and building (Sessions and others 1987). No large storms occurred during the study
period, however, so these practices remain largely untested. Currently, several studies
are ongoing to evaluate road-related mass movements and the influence of road design
after several large floods in 1996 in the Pacific Northwest and 1997 in California. These
studies are likely to substantially improve understanding of whether “best management
practices” are effective in reducing mass erosion from roads, and which specific
practices influence mass failure response.

Surface erosion from road surfaces, cut banks, and ditches represents a significant
and, in some landscapes, the dominant source of road-related sediment input to
streams. Increased sediment delivery to streams after road building has been well
documented in the research literature for the Pacific Northwest and Idaho (Bilby and
others 1989, Donald and others 1996, Megahan and Kidd 1972, Reid and Dunne 1984,
Rothacher 1971, Sullivan and Duncan 1981) and in the Eastern United States
(Kochenderfer and others 1997; Swift 1985, 1988). Rates of sediment delivery from
unpaved roads are highest in the first years after building (Megahan and Kidd 1972)
and are closely correlated to traffic volume on unpaved roads (Reid and Dunne 1984,
Sullivan and Duncan 1981). Surface-erosion problems are worst in highly erodible
terrain, particularly landscapes underlain by granite or highly fractured rocks (Megahan
1974b, Megahan and Ketcheson 1996). In the Eastern United States, poorly designed
and managed forest access and county roads are major sources for higher sediment
input rates to streams (Hansen 1971, Patric 1976, Van Lear and others 1995). Roads
were identified as the major source of sediment in the Chattooga River basin, where 80
percent of the road sources are unpaved, multipurpose roads (forest and county) paral-
leling or crossing tributary streams (Van Lear and others 1995). The largest sediment
losses were during road building and before exposed soils were protected by revege-
tation, surfacing, or erosion control materials (Swift 1985, 1988; Thompson and others
1996; Vowell 1985). Soil loss from skid roads in West Virginia ranged from 40 tons/acre
during logging, to 4 tons/acre the first year after logging, to 0.1 ton/acre 1 year after
logging was completed (Hornbeck and Reinhart 1964). Raw ditch lines and roadbeds
are continuing sources of sediment (Miller and others 1985), usually because of lack of
maintenance, inadequate maintenance for the amount of road use, excessive ditch line
disturbance, or poorly timed maintenance relative to storm patterns (Swift 1984, 1988).

Extensive research has demonstrated that improved design, building, and maintenance
of roads can reduce road-related surface erosion at the scale of individual road seg-
ments. Key factors are road location, particularly layout relative to stream systems
(Swift 1988, USDA FS 1999), road drainage (Haupt 1959), surfacing (Burroughs and
King 1989, Kochenderfer and Helvey 1987, Swift 1984), and cut slope and fill slope
treatments (Burroughs and King 1989, Swift 1988). Many studies show that surfacing
materials and vegetation measures can be used to reduce the yield of fine sediment
from road surfaces (Beschta 1978, Burroughs and others 1984, Kochenderfer and
Helvey 1987, Swift 1984).

Few studies have evaluated long-term and watershed-scale changes to sediment yields
as roads are abandoned, obliterated, or restored. Personnel at Redwood National Park
are undisputed experts in road restoration at a watershed scale; they have developed,
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tested, and applied road-restoration techniques at a scale virtually unprecedented
throughout the world (Ziemer 1997). Since Redwood National Park was expanded in
1978, 134 miles of the 300 miles of road within park boundaries have been restored or
obliterated. This work has removed about 1,300,000 cubic yards of material from stream
crossings, landings, and unstable road benches. The volume of material is about equal
to the long-term average annual sediment discharge near the mouth of Redwood Creek
(Ringgold, n.d.). To evaluate the success of removing this volume of material, the
delivery mechanism, timing, and proportion of the removed material that actually would
have found its way to the channel without the restoration activity, the quantity of new
material introduced by erosion caused by the restoration work itself, and the relative
proportion of the treated areas compared to untreated areas at comparable risk in the
basin must be known. Such evaluations are uncommon.

Roads interact directly with stream channels in several ways, depending on orientation
to streams (parallel, orthogonal) and landscape position (valley bottom, midslope, ridge).
The geomorphic consequences of these interactions, particularly during storms, are
potentially significant for erosion rates, direct and off-site effects on channel morphol-
ogy, and drainage network structure, but they are complex and often poorly understood.
Encroachment of forest roads along the mainstem channel or flood plain may be the
most direct effect of roads on channel morphology in many watersheds. Poorly de-
signed channel crossings of roads and culverts designed to pass flow also may affect
the morphology of small tributary streams, as well as limit or eliminate fish passage.
Indirect effects of roads on channel morphology include the contributions of sediment
and altered streamflow that can alter channel width, depth, local gradients, and habitat
features (pools, riffles) for aquatic organisms (Harr and Nichols 1993).

Roads in midslope and ridgetop positions may affect the drainage network by initiat-
ing new channels or extending the existing drainage network. By concentrating runoff
along an impervious surface, roads may decrease the critical source area required to
initiate headwater streams (Montgomery 1994). In addition, concentrated road runoff
channeled to roadside ditches may extend the channel network by eroding gullies or
intermittent channels on hillslopes and by linking road segments to small tributary
streams (Weaver and others 1995, Wemple and others 1996a). These effects of roads
on the channel network have implications for slope stability, sedimentation, and stream-
flow regimes.

An emerging focus of the postflood studies in the Pacific Northwest is the importance
of designing roads to accommodate disturbances (see “Hydrologic Effects” below),
particularly in the area of road-stream crossings, which are implicated in most docu-
mented road failures (Furniss and others 1997). Another facet of this research is rec-
ognizing that roads can serve both as sources (by initiating landslides) and sinks (by
trapping debris flows) of sediment during large events (Wemple and others 1996a).

Reliability of findings—These findings represent a broad synthesis of more than 50
years of research on geomorphic effects of roads in a wide range of physiographic and
land-use settings. Although they are generally well supported by field, small watershed,
and plot studies, specific effects of roads are strongly influenced by local factors, in-
cluding road building techniques, soil and geology, precipitation and runoff regimes,
and topography. As with hydrologic studies, evaluating effects of roads on geomorphic
processes is further limited by the short timeframes (one to several years) during which
such effects typically are monitored. Few studies have placed road effects in a broad
landscape or watershed setting.
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Generalizability—Most studies of roads have been conducted in only a few landscapes
(the Pacific Northwest, Rocky Mountains, Appalachians, interior highlands, and Pied-
mont), so the ability to generalize to other terrains is limited. Statements about effects of
roads on mass erosion are limited to those landscapes affected by such processes. A
large part of the United States, including the Central States, Piedmont, and the coastal
plain in the East, do not experience mass erosion processes in the forest. For the most
part, only historical road-building practices (pre-1990) have been rigorously evaluated,
either by scientists or by the landscape itself through large floods. Little is known, how-
ever, about geomorphic effects of old mining and arterial roads (older than 50 years).

Secondary links—The geomorphic and hydrologic effects of roads are closely related.
Restoration strategies to reduce either geomorphic or hydrologic effects are likely to be
quite different, however, which underscores the need to clearly identify objectives for
restoration. For example, practices to reduce road network extension of surface flow
paths by draining water back into the subsurface could have the unintended conse-
quence of destabilizing fill slopes. Both the mass erosion and fine-sediment delivery
issues are closely linked to concerns about aquatic habitat.

Conclusions—As with the hydrologic issues, evaluating geomorphic effects of roads
needs to be addressed at several scales: individual road segments, intermediate-sized
watersheds, and the entire road network in the river basin (which may include private
lands and roads and roads built for a broad range of purposes, not just forest opera-
tions). Key directions for future research work are to systematically evaluate the rela-
tion between improved road practices and mass-erosion rates, particularly in light of
mid-1990s floods in the Pacific Northwest and California; develop a conceptual and
analytical framework for evaluating how roads in different landscape positions (valley
bottom, midslope, ridgetop) interact with streams; develop empirical data on the amount
of drainage-network extension and drainage-density increases resulting from roads in
different geomorphic settings; and place geomorphic effects of roads in broader land-
scape contexts by using sediment budget and disturbance budget approaches.

Issues—The interaction between forest roads and water lies at the heart of several
key issues surrounding the effects of roads on the environment. At the scale of individ-
ual road segments, designing and building roads to drain or channel water away from
the road surface is one of the main problems facing road engineers, and it reflects the
substantial effects that roads can have on hillslope hydrology. Road drainage problems
and water and debris passage problems—especially during floods—are primary rea-
sons for road failure, often with major structural, ecologic, economic, or social con-
sequences. For example, of the $178 million spent on flood recovery on Forest Service
lands in the Pacific Northwest Region after the 1996 floods, more than 70 percent was
to fix road damage; most of the damage resulted from water drainage problems that, in
turn, triggered mass movements (Cronenwelt, n.d.). At a broader scale, roads can influ-
ence the size and timing of streamflows from watersheds, with possible consequences
for downstream channels and aquatic ecosystems. For these reasons, many road
restoration projects are explicitly or implicitly focused on the ways roads influence the
routing of water, with consequences for erosional processes.

Findings—Roads have three primary effects on water: they intercept rainfall directly on
the road surface and road cutbanks and intercept subsurface water moving down the
hillslope; they concentrate flow, either on the surface or in an adjacent ditch or channel;
and they divert or reroute water from flow paths that it would take were the road not
present. Most hydrologic and geomorphic consequences of roads result from one or
more of these processes. By intercepting surface and subsurface flow, for example,

Hydrologic Effects
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and concentrating it through diversion to ditches, gullies, and channels, road systems
effectively increase the density of streams in the landscape. This changes the amount
of time required for water to enter a stream channel, which alters the timing of peak
flows and hydrographic shape (King and Tennyson 1984, Wemple and others 1996a).
Similarly, concentration and diversion of flow into headwater areas can cause incision
of previously unchanneled portions of the landscape and initiate slides in colluvial hol-
lows (Mongomery 1994). Diversion of streamflow at road-stream crossings is a key
factor contributing to road failure and erosional consequences during large floods
(Furniss and others 1998, Weaver and others 1995).

Hydrologically, different parts of the road system behave differently. All roads are not
created equal and do not perform the same during storms, and the same road segment
may behave differently during storms of different magnitudes. Recent, detailed exam-
ination of hydrographs at stream crossings with culverts shows that during the same
storm, some road segments contribute substantially more flow to channels than others,
primarily owing to differences in the amount of subsurface water intercepted at the cut
bank (Bowling and Lettenmeier 1997, Wemple and others 1996b). As storms become
larger or soil becomes wetter, more of the road system contributes water directly to
streams. Slope position has a profound effect on the magnitude of hydrologic change
caused by roads. Discharge from hill slopes, height of cut bank, density of stream
crossings, soil properties, and response to storms all differ with slope position.

Although hydrologic effects of roads have been studied for more than 50 years, sys-
tematic studies with long-term measurement of the full range of potential interactions
between water and roads are few. Most studies have emphasized geotechnical issues,
including road design, culvert size and placement, and erosion control from road sur-
faces (see Reid and others 1997, for bibliography; Swift 1988). Of those studies that
have attempted to look at the hydrologic behavior of roads, most have been part of small
(typically 0.3 to 2 square miles) watershed experiments, where roads were a component
of the experimental treatment, which often included other silvicultural practices. Key
studies and locales of this type include those by Rothacher (1965, 1970, 1971, 1973),
Harr and McCorison (1979), Harr and others (1975), Jones and Grant (1996), and
Thomas and Megahan (1998) in western Oregon; Ziemer (1981, 1998) and Wright
and others (1990) in northern California; King and Tennyson (1984) in central Idaho;
Reinhart and others (1963), Hewlett and Helvey (1970), Swank and others (1982, 1988)
in the southern Appalachians, Helvey and Kochenderfer (1988) in the central Appa-
lachians; and Hornbeck (1973) and Hornbeck and others (1997) in the northern
Appalachians. Very few studies have focused on the hydrologic behavior of roads
alone; in the Pacific Northwest and Rocky Mountains, maximum measurement periods
during which roads were the only treatment range from 1 to 4 years (Wemple 1994).
Most studies have been conducted as “black box” experiments comparing streamflow
hydrographs before and after road building, with little ability to identify key processes.
Exceptions include the work of Megahan (1972), Keppeler and others (1994), and
Wemple (1994) on subsurface flow interception and Luce and Cundy (1994) and
Ziegler and Giambelluca (1997) on road-surface runoff. Few studies have focused on
road effects, on hydrology in arid or tropical areas, or on areas dominated by snow
hydrology, permafrost, and wetlands.

Even fewer published studies have explicitly considered how road networks affect
the routing of water through a basin. We therefore have little basis to evaluate the
hydrologic functioning of the road system at the scale of an entire watershed or land-
scape. Few published studies to date have identified how roads in different landscape
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positions might influence the movement of water through a basin. Montgomery (1994)
looked at the effect of ridgetop roads on channel initiation, and Wemple (1994) docu-
mented the magnitude of drainage network enlargement caused by roads in different
slope positions.

Based on studies of small watersheds, the effect of roads on peak flows is detectable
but relatively modest for most storms; insufficient and contradictory data do not permit
evaluation of how roads perform hydrologically during the largest floods. Roads do not
appear to affect annual water yields, and no studies have evaluated their effects on low
flows. In some studies, roads produced no detectable change in flow timing or magni-
tude (Rothacher 1965, Wright and others 1990, Ziemer 1981), but in other basins, aver-
age time to storm peak advanced and average peak magnitude increased after road
building for at least some storm sizes (Harr and others 1975, Jones and Grant 1996,
Thomas and Megahan 1998). In a study in Idaho, peak stormflow magnitude increased
in one basin and decreased in another after road building, an effect the authors attri-
bute to subsurface flow interception by roads and desynchronization of delivery of water
to the basin outlet (King and Tennyson 1984). A whole-tree logging operation in New
Hampshire that resulted in 12 percent of the area in roads (Hornbeck and others 1997)
showed a maximum average increase of growing-season peak flows of 63 percent in the
second year after harvest. This increase disappeared as the forest regenerated, and
only 2 of the 24 peak flows in the 6th through the 12th growing seasons showed statis-
tically significant increases. Dormant-season peak flows generally decreased because
cutting changed snowmelt regimes. Helvey and Kochenderfer (1988) concluded that
typical logging operations in the central Appalachians do not increase flows sufficiently
to require larger culverts to accommodate them. Forest harvesting without roads in the
southern Appalachians increased stormflow volumes by 11 percent and peak flow rates
by 7 percent (Hewlett and Helvey 1970, Swank and others 1988). Harvesting an adja-
cent watershed with 4 percent of the area in roads increased stormflows by 17 percent
and peak flows by 33 percent. Four years later, peak flows dropped to a 10-percent
increase after 40 percent of the road system was closed and returned to forest
(Douglass and Swank 1975, 1976). Collectively, these studies suggest that the effect of
roads on basin streamflow is generally smaller than the effect of forest cutting, primarily
because the area occupied by roads is much less than that occupied by harvest opera-
tions. Generally, hydrologic recovery after road building takes much longer than after
forest harvest because roads modify physical hydrologic pathways, but harvesting
principally affects evapotranspiration processes. The hydrologic effect of roads de-
pends on several factors, including the location of roads on hillslopes, characteristics of
the soil profile, subsurface water flow and ground-water interception, design of drainage
structures (ditches, culverts) that affect the routing of flow through the watershed, and
proportion of the watershed occupied by roads.

Most road problems during floods result from improper or inadequate engineering and
design, particularly at road-stream crossings but also where roads cross headwater
swales or other areas of convergent groundwater. Road redesign that anticipates and
accommodates movement of water, sediment, and debris during infrequent, but major
storms should substantially reduce road failures and minimize erosional consequences
when failures occur. Recent studies after large floods in the Pacific Northwest highlight
the importance of water diversion by roads and road-related structures (that is, plugged
culverts, ditches) in contributing to road-related failures (Donald and others 1996,
Furniss and others 1997). A typical failure resulted from culverts sized only to accom-
modate the flow of water, but not the additional wood and sediment typically transported
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during major floods. The culverts became obstructed and diverted water onto the road
surface, into neighboring drainages unable to adjust to the increase in peak flow from
the contributing basin, or onto unchanneled hillslopes. “Cascading failures” were com-
mon, where diversion or concentration of flow led to a series of other events, ultimately
resulting in loss of the road or initiation of landslides and debris flows. Analysis of the
probability of large floods and how they relate to the design life of roads indicates that
most road crossings are likely to have one or more large floods during their lifetimes.
Consequently, designing roads with large storms in mind is prudent and well within the
reach of current engineering practices (Douglass 1977; Furniss and others 1991, 1997;
Helvey and Kochenderfer 1988). The potential for stream diversion on wildland roads
indicates that the environmental consequence of road failure during large storms is an
option to consider.

Although the ability to measure or predict the hydrologic consequence of building or
modifying a specific road network might be limited, general principles and models can
be provided that, if followed, may decrease the negative hydrologic effects of roads.
These principles will be useful during upgrading or decommissioning of roads to meet
various objectives. A partial list of principles includes:

• Locate roads to minimize effects; conduct careful geologic examination of all
proposed road locations.

• Design roads to minimize interception, concentration, and diversion potential,
including measures to reintroduce intercepted water back into slow (subsurface)
pathways by using outsloping and drainage structures rather than attempting to
concentrate and move water directly to channels.

• Evaluate and eliminate diversion potential at stream crossings.

• Design road-stream crossings to pass all likely watershed products, including woody
debris, sediment, and fish—not just water.

• Consider landscape location, hillslope sensitivity, and orientation of roads when
designing, redesigning, or removing roads.

• Design with failure in mind. Anticipate and explicitly acknowledge the risk from
existing roads and from building any new roads, including the probability of road
failure and the damage to local and downstream resources that would result.
Decisions about the acceptable probability and especially consequences of failures
should be informed through explicit risk assessments. The many tradeoffs among
road building techniques to meet various objectives must be acknowledged. For
example, full bench road construction may result in lower risk of fill slope failure,
but it also may increase the potential for groundwater interception; outsloping of the
road tread may reduce runoff concentration on the road surface but also increase
driving hazard during icy or slippery conditions.

Reliability of findings and generalizability—Hydrologic effects of roads are strongly
influenced by landscape condition, road design and construction, and storm history.
Generalizability of paired-watershed studies is limited by the short timeframes (one to
several years) during which road effects alone are typically monitored. In addition, most
road studies have been done in only a few landscapes where road problems are com-
mon (the Pacific Northwest, Rocky Mountains, and Appalachians), thereby limiting the
ability to generalize to other terrain. The general principles represent reasonable inter-
pretations of the available scientific knowledge, however. Some landscapes may be
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much more sensitive than others to certain key processes, such as interception of sub-
surface flow and drainage network extension resulting from gullying. For this reason, the
specific range of hydrologic effects likely to be encountered needs to be evaluated by
both regional and landscape scales.

Secondary links—The hydrologic effects of roads are strongly linked to their sedi-
ment and geomorphic effects. Other links can be found with wildlife (for example, road-
created wetlands) and invasion by exotics (for example, microclimate related to water
availability above and below the road prism), but these links have received little scientific
attention.

Conclusions—Future efforts to redesign, restore, or remove road systems because of
hydrologic concerns should have clear objectives: What hydrologic processes are con-
sidered problems? Where do they occur? What can be done about them? What degree
of hydrologic alteration is considered acceptable? This type of evaluation of roads is
best accomplished in the context of a watershed analysis (USDA FS 1999). Key areas
for future research are to develop analytical models that allow managers to display the
predicted hydrologic consequences of alternative road-network designs (these types
of models are still in their infancy but should be more widely available in the next 2 to
3 years), expand process-based studies of how roads affect specific hydrologic mech-
anisms (for example, subsurface flow interception or channel network extension) in dif-
ferent geomorphic settings evaluate at the landscape scale the extent of links between
the road and stream networks in different landscapes, and relate type and size of road
failures to specific design practices and landscape position.

Issue—The presence of roads commits a soil resource, and where roads occupy
formerly productive land, they affect site productivity.

Findings—Forest roads can have significant effects on site productivity by removing
and displacing topsoil, altering soil properties, changing microclimate, and accelerating
erosion. The direct effects of taking land out of production by removing trees and dis-
placing soil, or removing soil during building and maintaining roads, has been estimated
to range from 1 to 30 percent of the landscape area in managed forest lands (Megahan
1988a). In the Western United States, tractor and ground-cable systems average about
10 percent of the area affected by roads to support harvest operations, and skyline and
helicopter operations average 2 percent (Megahan 1988b). Studies in Eastern U.S. for-
ests have consistently found that 4 to 5 percent of the total forested area is taken out of
forest production by building roads during logging operations, although more than 50
percent of this area may be reforested within 8 years, but at reduced growth rates and
productivity. Total road length required to support logging operations depends on the
harvest and silvicultural systems and topographic configuration, but the area disturbed
may be surprisingly consistent (Douglass and Swift 1977, Robinson and Fisher 1982,
Swank and others 1982, Swift 1988).

Measurable declines in tree growth are common where soil is excavated to build the
road prism. Evidence of off-site effects of roads on productivity is conflicting, though
road-associated mass erosion may scour soil from steep slopes. Road building changes
soil physical properties including depth, density, infiltration capacity, water holding ca-
pacity, and gas exchange rate, nutrient concentrations, and microclimate. Fertile top-
soils, often containing most of the organic matter and plant nutrient capital of a site,
frequently are buried under road fills or sidecast and may be rendered inaccessible to
plant roots. Trees can grow on any portion of a closed road, but they can grow only on

Site Productivity
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cut and fill slopes on open roads. Sites are harshest and soils poor or nonexistent on
road cuts and the cut portion of road treads. Tree height and diameter growth is re-
duced on these portions of the road (Smith and Wass 1979, 1980, 1985). Growth is
sometimes enhanced on or below fill portions of roads because of reduced competition
and greater soil depth. Pfister (1969) documents a 30-percent increase in height growth
of western white pine (Pinus monticola Dougl. ex D. Don) adjacent to outsloped roads.
Megahan (1988a) suggests that this increase is due to enhanced soil moisture below
outsloping roads. Smith and Wass (1980) document significant declines of 23 percent
in height growth for lodgepole pine (Pinus contorta Dougl. ex Loud.) and 20 percent for
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) below insloped roads, which they
attribute to loss of available water through redirected drainage flow. Improper fill place-
ment and drainage can cause upslope groundwater to rise, and the changed soil mois-
ture kills trees (Boelter and Close 1974, Stoeckeler 1965), although not commonly. Loss
of nutrient capital is inevitable with soil disturbance from road building (Swanson and
others 1989), but isolating this effect from other site changes has proved difficult. An
indirect indication of nutrient loss is the marked growth response of plants on road fills
after fertilizer is applied. Fertilizer applied to a granitic road fill in Idaho increased
growth of vegetation by 32 to 116 percent (Megahan 1974a), but such increases are
not documented after fertilizer is applied on undisturbed soils. Both surface and mass-
erosion rates increase after road building, and often roads accelerate erosion on the
slope below. Downslope damage generally is associated with mass erosion when a
landslide originates from a road and causes scour on lower slopes or gullies related to
concentrated road drainage (Megahan 1988a). This problem is widespread on steep
slopes of the Pacific States and in the northern Rocky Mountains (Burroughs 1985,
Swanson and others 1981), although Megahan (1988b) estimates that productivity is
reduced on about 0.3 percent of forested land at a broad scale. These effects may
range from decades (Ice 1985) to more than 85 years (Smith and others 1986). Road
treads are highly compacted compared to natural soils, but compaction is not a produc-
tivity issue so long as roads are open and the running surface is bare. Road decom-
missioning must take compaction into account in restoring productivity, and various
“ripping” treatments are routinely applied to decompact road surfaces.

Reliability, confidence, and generalizability—Direct effects of roads—including lost
productivity because of the area occupied by roads themselves, and diminished pro-
ductivity on cut slopes and road treads on closed roads—are well documented and
general in geographic extent. Losses of productivity associated with road-caused,
accelerated erosion are site specific and variable in extent, but they are commonly re-
ported for all steep-slope landscapes. Rates of reforestation along road fills are high
in the Pacific Northwest and Eastern United States and slower in the inland West and
Southwest. Road-caused nutrient imbalances or declines often are confounded by other
effects (notably soil moisture losses) in Western States.

Conclusions—A substantial amount of information is available on productivity in road
fills and cut slopes and strong anecdotal, but obvious, evidence of lack of productivity on
road treads. Information on effects of roads on adjacent site productivity is limited, and
variable results confound attempts to generalize and accurately predict effects.

Secondary links—Applying salt to roads is discussed in “Water Quality” and its effects
on plant damage are discussed in “Forest Diseases,” both below. Erosional processes
and rates are discussed extensively in “Geomorphologic Effects,” above. Loss of site
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productivity represents a long-term economic loss, and quantifying such losses is con-
founded by the difficulty in establishing or even estimating the degree of soil produc-
tivity changes associated with roads.

Issues—Natural populations of animal species are reduced by habitat loss caused by
road building and by the animals’ avoidance of areas near roads. Populations can be
fragmented into smaller subpopulations, thereby causing increased demographic fluc-
tuation, inbreeding, loss of genetic variability, and local population extinctions.

Findings—Habitat loss has broader effects than just the conversion of a small area of
land to road surface. Roads fragment by changing landscape structure and by directly
and indirectly affecting species. Habitat effects of roads on the landscape include dis-
secting vegetation patches, increasing the edge-affected area and decreasing interior
area, and increasing the uniformity of patch characteristics, such as shape and size
(Reed and others 1996). Whenever forest roads are built, changes in habitat and
modified animal behavior will lead to changes in wildlife populations (Lyon 1983).
Road-avoidance behavior is characteristic of large mammals such as elk (Cervus
canadensis), bighorn sheep (Ovis canadensis), grizzly (Ursus arctos horribilis),
caribou (Rangifer tarandus), and wolf (Canis lupus). Avoidance distances of 300 to 600
feet are common for these species (Lyon 1985). Road usage by people and their
vehicles has a significant role in determining road avoidance by animals. In a telemetry
study of movement by black bear (Ursus americanus), bears almost never crossed
interstate highways, and they crossed roads with little traffic more frequently than those
with high traffic volumes (Brody and Pelton 1989). Bobcats (Lynx rufus) crossed paved
roads in Wisconsin forests less than expected, possibly to minimize interactions with
vehicles and people (Lovallo and Anderson 1996). A few studies have related genetic
changes in populations simply to the presence of roads (Forman and others 1997), but
the distribution of roads in the environment also must be considered. Road density is a
useful index of the effect of roads on wildlife populations (Forman and others 1997).
Wolves in Wisconsin are limited to places with pack-area mean road densities of 0.7
mile/square mile or less (Mladenoff and others 1995). Some studies have shown that
a few large areas of low road density, even in a landscape of high average road den-
sity, may be the best indicator of suitable habitat for large vertebrates (Rudis 1995).

Reliability, confidence, and limitations—The evidence is strong that forest roads
displace some large mammals and certain birds such as spotted owls (Strix occiden-
talis) and marbled murrelets (Brachyramphus marmoratus) and that displaced animals
may suffer habitat loss as a result. Effects of roads on small mammals and songbirds
are generally described as less severe, with changes expressed as modifications of
habitat that cannot readily be classified as detrimental or beneficial. This interpretation
is also probably true for amphibians and reptiles.

Generalizability—For large mammals, general principles have been explained, above,
that can be applied to project decisions.

Secondary links—Habitat fragmentation is linked to other habitat-related topics and
also links with access-related topics, particularly timber, where the density and distri-
bution of roads is a key technical and economic question.

Conclusions—Specific issues related to wildlife can be addressed directly. Integration
with other technical, economic, and social issues (such as timber availability and recre-
ational access) have to be dealt with by management.

Habitat Fragmentation
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Issues—Road building introduces new edge habitat in the forest. The continuity of the
road system also creates a corridor by which edge-dwelling species of birds and
animals can penetrate the previously closed environment of continuous forest cover.
Species diversity can increase, and increased habitat for edge-dwelling species can
be created.

Findings—Roads and their adjacent environment qualify as a distinct habitat and have
various species, population, and landscape-scale effects (Baker and Knight 2000,
Dawson 1991, van der Zande and others 1980). Some research has attempted to
describe habitat modifications caused specifically by roads, but most of this work is
species and site specific (Lyon 1983). Surveys of songbirds in two national forests of
northern Minnesota found 24 species of birds more abundant along roads than away
from them (Hanowski and Niemi 1995). Close to half these species were associated with
edges, including birds like crows (Corvus brachyrhynchos) and blue jays (Cyanocitta
cristata) that use roads as corridors to find food. Turkey hens (Megapodiidae) in North
Carolina nested near closed and gated logging roads and used them extensively in all
stages of brood development (Davis 1992). One study showed that habitat in the road-
side right-of-way supports a greater diversity of small mammals than do adjacent habi-
tats (Adams and Geis 1983), but this finding may not apply to forest roads with only nar-
row cuts and fills on either side. The similarity between forest roads and transmission-
line rights-of-way may be important in assessing the contribution of roads to habitat.
Studies have shown that wide transmission-line corridors support grassland bird com-
munities of species not found in the forest, and narrow corridors produce the least
change from forest bird communities (Anderson and others 1977). The same study
notes that increasing edge diversity of birds, for instance, may negatively affect
abundance of interior species (see “Biological Invasions,” below).

Reliability, confidence, and limitations—Limited species and site-specific data exist
describing the immigration of particular species into habitat created by roads. Detailed
information on specific habitat characteristics affected by the building and presence of
roads is lacking. The relation of microclimate, vegetation distribution, and water supply
to the road network needs to be described.

Generalizability—In general, road building fragments habitat and creates habitat edge,
thereby modifying the habitat in favor of species that use edges. Edge-dwelling species
generally are not threatened, however, because the human-dominated environment has
provided ample habitat for them. Any habitat modifications attributed to the road may be
insignificant compared to the effects of the activity, such as timber harvest, for which
the road was built.

Secondary links—Links exist to other habitat-related topics and also to biological
invasions.

Conclusions—Science information about the underlying principles related to this issue
is incomplete. Further study is needed before anything more than site- and species-
specific analyses can be undertaken.

Issues—A widely cited generalization about biological invasion is that it is promoted
by disturbance. Building roads and subsequently maintaining them (including ditch
clearing, road grading, and vegetation clearing) in the interior of a forest represents
disturbances that create and maintain new edge habitat. These roadside habitats can be
invaded by an array of exotic (non-native) plant species, which may be dispersed by
“natural” agents such as wind and water as well as by vehicles and other agents related

Habitat

Biological Invasions
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to human activity. Roads may be the first point of entry for exotic species into a new
landscape, and the road can serve as a corridor along which plants move farther into
the landscape (Greenberg and others 1997, Lonsdale and Lane 1994). Some exotic
plants may then be able to move away from the roadside into adjacent patches of suit-
able habitat. Invasion by exotic plants may have significant biological and ecological
effects if the species are able to disrupt the structure or function of an ecosystem. In-
vasion also may be of concern to land managers, if the exotic species disrupt manage-
ment goals and present costly eradication problems.

Findings—Although few habitats are immune to at least some invasion by exotic plants,
predicting which species will become pests usually is difficult. Assessing the scale of a
biological invasion problem is complicated by the lag between when an exotic is intro-
duced and when it begins to expand its distribution and population size in a new area.
Cowbirds (Molothrus ater), for example, can be introduced into forested environments
by roads and subsequently affect populations of Neotropical migratory birds through
nest parasitism. The spread of pathogens where roads act as vectors is described in
“Forest Diseases,” below. Few environmentally benign approaches to exotic plant control
or eradication have been tested.

Reliability, confidence, and limitations—Field studies of exotic plants tend to focus on
a particular geographic region, and observed patterns of road-supported invasion may
not apply to other regions. In general, however, observations suggest that biological
invasion is often a negative effect of extending roads into forest interiors. Such effects
should be considered in the design and execution of road network extensions.

Generalizability—Observations in different settings suggest that the exotic species that
successfully invade and the scale of invasion problems differ regionally. Some exotic
species can become significant pests, and others remain fairly benign.

Secondary links—Consequences of biological invasions link to habitat quality issues
(including changes in plant community structure and function), other edge effects, and
effects on sensitive or threatened species.

Conclusions—Information to assess the degree of risk relies on case studies; the risks
may be slight or significant. A less than ideal science base exists for identifying which
exotic species pose the greatest threat and what preventive or remedial measures are
appropriate. Retrospective studies may help identify directions. One study showed that
abandoned roads had fewer exotics (both in number of species and frequency of
individuals) than did roads that were in use.

Issues—The effects of roads on aquatic habitat are believed to be widespread and pro-
found, and evidence is documented through empirical associations and direct mech-
anistic effects, although the mechanistic effects become fuzzy when direct, quantitative,
cause-effect links are sought. Several studies correlate road density or indices of roads
to fish density or measures of fish diversity. Mechanisms include effects of fine sedi-
ment, changes in streamflow, changes in water temperature caused by loss of shade
cover or conversion of groundwater to surface water, migration barriers, vectors of
disease, exotic fishes, changes in channel configuration from encroachment, and
increased fishing pressure. A growing body of work indicates that the complexity of
habitat and the predictability of disturbance influences species diversity. At the land-
scape scale, correlative evidence suggests that roads are likely to influence the fre-
quency, timing, and magnitude of disturbance, which are likely to influence community
structure.

Indirect and
Landscape-Scale
Effects

Aquatic Habitat
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Findings—Increased fine-sediment composition in stream gravel has been linked to
decreased fry emergence, decreased juvenile densities, loss of winter carrying capac-
ity, and increased predation of fishes. Increased fine sediment can reduce benthic
organism populations and algal production. Increased sediment production associated
with roads is discussed in detail in “Geomorphic Effects,” above. Survival of incubating
salmonids from embryos to emergent fry has been negatively related to the proportion of
fine sediment in spawning gravels (Chapman 1988, Everest and others 1987, Scrivener
and Brownlee 1989, Weaver and Fraley 1993, Young and others 1991). Increased fine
sediment in stream gravel can reduce intragravel water exchange, thereby reducing
oxygen concentrations, increasing metabolic waste concentrations, and restricting
movements of alevins (Bjornn and Reiser 1991, Coble 1961, Cordone and Kelley 1960).
Survival of embryos relates positively to dissolved oxygen and apparent velocity of
intragravel water, and positively to gravel permeability and gravel size (Chapman 1988,
Everest and others 1987). Consequently, juvenile salmonid densities decline as fine
sediment concentrations increase in rearing areas (Alexander and Hansen 1986, Bjornn
and others 1977, Chapman and McLeod 1987, Everest and others 1987, Shepard and
others 1984). Increases in fine sediment also can reduce winter carrying capacity of
streams by loss of concealment cover (Bjornn and others 1977, Chapman and McLeod
1987, Thurow 1997) and by increasing the likelihood of predation (Chapman and
McLeod 1987). Pools function as resting habitats for migrating adults, rearing habitats
for juveniles (Bjornn and Reiser 1991), and refugia from natural disturbances (Sedell
and others 1990). Pools that lose volume from sediment (Jackson and Beschta 1984,
Lisle 1982) support fewer fish (Bjornn and others 1977), and fish that reside in them
may suffer higher mortality (Alexander and Hansen 1986). Similarly, populations of
tailed frogs can be severely reduced or eliminated by increased sedimentation
(Corn and Bury 1989, Welsh 1990), presumably because of their dependence on
unembedded interstitial areas in the stream substrate where they hide and overwinter
(Brown 1990, Daugherty and Sheldon 1982). Increased sediment reduces populations
of benthic organisms by reducing interstitial spaces and flow used by many species and
by reducing algal production, the primary food source of many invertebrates (Chutter
1969, Hynes 1970).

The effects of roads are not limited to those associated with increases in fine-sediment
delivery to streams; they can include barriers to migration, water temperature changes,
and alterations to streamflow regimes. Improper culvert placement at road-stream
crossings can reduce or eliminate fish passage (Belford and Gould 1989), and road
crossings are a common migration barrier to fish (Clancy and Reichmuth 1990, Evans
and Johnston 1980, Furniss and others 1991). In a large river basin in Washington, 13
percent of the historical coho habitat was lost as a result of improper culvert barriers
(Beechie and others 1994). Roads built adjacent to stream channels pose additional
effects. Changes in temperature and light regime from removing the riparian canopy
can have both positive and negative effects on fish populations. Sometimes increased
food availability can mitigate negative effects of increased summer water temperatures
(Bisson and others 1988). Beschta and others (1987) and Hicks and others (1991) doc-
ument negative effects, including elevation of stream temperatures beyond the range of
preferred rearing, inhibition of upstream migrations, increased disease susceptibility,
reduced metabolic efficiency, and shifts in species assemblages. Streamflow stability
and predictability (size, timing, duration, and frequency) also strongly influence
salmonid densities by influencing reproductive success and overwintering survival
(McFadden 1969). For example, high flows after spawning can wash out eggs or
displace fry, thereby increasing mortality (Latta 1962, Mortensen 1977, Shetter 1961).
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The effect of roads on peak flows is relatively modest (see “Hydrologic Effects,” above),
and the issues of changing stability and predictability because of roads may be of little
importance to aquatic habitat suitability.

Road-stream crossings have effects on stream invertebrates. Hawkins and others
(in press) found that the aquatic invertebrate species assemblages (observed versus
expected, based on reference sites) were related to the number of stream crossings
above a site. Total taxa richness of aquatic insect larvae (mayflies, Ephmeroptera;
stoneflies, Plecoptera; and caddisflies, Trichoptera) were negatively related to the
number of stream crossings. Another study (Newbold and others 1980) found signif-
icant differences between macroinvertebrate assemblages above and below road-
stream crossings.

Several studies at broad scales document aquatic habitat or fish density changes as-
sociated with road density or indices of road density. Eaglin and Hubert (1993) show a
positive correlation with numbers of culverts and stream crossings and amount of fine
sediment in stream channels, and a negative correlation with fish density and numbers
of culverts in the Medicine Bow National Forest. Macroinvertebrate diversity negatively
correlates with an index of road density (McGurk and Fong 1995). Increasing road
densities are associated with decreased likelihood of spawning and rearing of non-
anadromous salmonids in the upper Columbia River basin, and populations are nega-
tively correlated with road density (Lee and others 1997).

Reliability, confidence, and limitations—Research evidence of increased erosion and
sediment delivery to streams resulting from roads is strong. Subsequent habitat changes
from such processes as pool filling and cobble embeddedness are well documented, but
these effects depend heavily on channel geometry, flow regimes, and so on. Thus, they
range widely in time and space. Measured changes in stream temperature after canopy
removal are strong but biological response is highly variable, and existing literature
speculates on possible mechanisms. Empirical evidence relating road density to habitat
and population response at landscape scales is fairly new. The study by Lee and others
(1997) has a large database and is analytically sound, but it demonstrates a statistically
valid population response only for non-anadromous salmonids. Because roads are not
distributed randomly on the landscape, these studies can be confounded by other land-
scape variables that may control biological response. This issue is addressed by Lee
and others (1997).

Generalizability—Broad-scale patterns in the distribution of roads and fish suggests
that the effects of roads are common and widespread across a range of environments
and conditions (Bettinger and others 1998, Lee and others 1997). Changes in aquatic
habitat resulting from increased erosion and sediment delivery are highly controlled
by lithology and slope, however. Road-derived sediment in granitic terrain typically
results in an increase in the proportion of fine bedload. In fine-textured parent materials,
suspended load may increase but not change pool filling and cobble embeddedness.
Changed timing and size of peak and low flows resulting from roads have different
implications for storm-generated and snowmelt-dominated hydrologic regimes, and
they result in different biological effects for oversummer and overwinter egg survival.
The effect of cover removal on elevated stream temperature depends on the rate of
vegetation recovery and appears to be brief in the Eastern United States (Swift 1983).

Secondary links—Responses by aquatic habitat depend on geomorphic and sediment
changes associated with roads. Road-associated changes in nutrients and hazardous
chemical spills are also linked but are issues addressed elsewhere in this report.
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Conclusions—Road effects on aquatic habitat and population response are well docu-
mented and overwhelmingly negative, but results differ among sites. Measures of the
cumulative effects of roads that are closely related to mechanism (for example, the
length of roads connected by direct surface-flow paths to streams or the miles of poten-
tial habitat blocked by culverts) would be more likely to produce stronger relations be-
tween roads and aquatic habitat elements than would road density.

Issues—The decline of anadromous fish in many parts of the country, especially the
salmonids in the West, has led to much research on the diverse causes. Among those,
the relation of roads to intensity of land use and adverse effects on aquatic habitats has
been discussed in several recent studies and publications (Meehan 1991, Naiman and
others 1992, Spence and others 1996). The discussion centers on three themes: the
correlation of road density to fish habitat and fish populations is not strong; the legacy
of past road building is so vast and budgets for maintaining roads so low that the prob-
lems will be with us for a long time; and road building practices have improved in the last
decade to the point where we need not worry about the effects of roads on aquatic sys-
tems. The scientific assessment for the interior Columbia basin provided an opportunity
to examine these issues at a broad, landscape scale in this ecoregion.

Findings—Roads contribute more sediment to streams than does any other land man-
agement activity (Gibbons and Salo 1973, Meehan 1991), but most land management
activities, such as mining, timber harvest, grazing, recreation, and water diversions,
depend on roads. Most of the sediment from timber harvest activities is related to roads
and road building (Chamberlain and others 1991, Dunne and Leopold 1978, Furniss
and others 1991, MacDonald and Ritland 1989, Megahan and others 1978) and the
associated increases in erosion rates (Beschta 1978, Gardner 1979, Meehan 1991,
Rhodes and others 1994, Reid 1993, Reid and Dunne 1984, Swanson and Dyrness
1975, Swanston and Swanson 1976). Serious degradation of fish habitat can result
from poorly planned, designed, located, built, or maintained roads (Furniss and others
1991, MacDonald and others 1991, Rhodes and others 1994). Roads also can affect
water quality through applied road chemicals and toxic spills (Furniss and others 1991,
Rhodes and others 1994), and the likelihood of toxic spills reaching streams has in-
creased with the many roads paralleling them.

Roads directly affect natural sediment and hydrologic regimes by altering streamflow,
sediment loading, sediment transport and deposition, channel morphology, channel
stability, substrate composition, stream temperatures, water quality, and riparian con-
ditions in a watershed. For example, interruption of hillslope drainage patterns alters the
timing and magnitude of peak flows and changes base stream discharge (Furniss and
others 1991, Harr and others 1975) and subsurface flows (Furniss and others 1991,
Megahan 1972). Road-related mass soil movements can continue for decades after
roads have been built (Furniss and others 1991). Such habitat alterations can adversely
affect all life stages of fish, including migration, spawning, incubation, emergence, and
rearing (Furniss and others 1991, Henjum and others 1994, MacDonald and others
1991, Rhodes and others 1994).

Poor road location, concentration of surface and subsurface water by cross-slope
roads, inadequate road maintenance, undersized culverts, and sidecast materials all
can lead to road-related mass movements (Lyons and Beschta 1983, Swanston 1971,
Swanston and Swanson 1976, Wolfe 1982). Sediment production from logging roads
in the Idaho batholith was 770 times higher than in undisturbed areas; about 71 percent
of the increased sediment production was due to mass erosion (Megahan and Kidd
(1972), leaving 29 percent due to surface erosion.

Landscape-Scale
Effects on Fish
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In granitic land types, sedimentation is directly proportional to the road distance
(Jensen and Finn 1966). For instance, 91 percent (66,000 cubic yards) of the annual
sediment production by land-use activities (72,200 cubic yards) in the South Fork of
the Salmon River (Idaho) is attributed to roads and skid trails (Arnold and Lundeen
1968). King (1993) determined that roads in the Idaho batholith increase surface ero-
sion by 220 times the natural rates per unit area. Roaded and logged watersheds in the
South Fork of the Salmon River drainage also have significantly higher channel-bed
substrate-embeddedness ratings than do undeveloped watersheds (Burns 1984).

Roads greatly increase the frequency of landslides, debris flow, and other mass
movements (Dunne and Leopold 1978, Furniss and others 1991, Megahan and others
(1992). Mass movement along the west side of the Cascade Range in Oregon was 30 to
300 times greater in roaded than in unroaded watersheds (Sidle and others 1985).
Megahan and others (1992) found that 88 percent of landslides in Idaho are associated
with roads. Roads were the primary factor in accelerated mass movement activity in the
Zena Creek drainage (Idaho batholith) after the 1964-65 winter storms (Gonsior and
Gardner 1971). Of 89 landslides examined along the South Fork of the Salmon River,
77 percent originated on road hillslopes (Jensen and Cole 1965). Cederholm and others
(1981) found increases (above natural rates) in the percentage of fine sediment in
fish spawning habitat when road density exceeded 2.5 percent of the Clearwater River
watershed in Washington. Increased stream-channel sedimentation in Oregon and
Washington watersheds east of the Cascade Range also is associated with road density
(Anderson and others 1992).

Road-stream crossings can be a major source of sediment to streams and result from
channel fill around culverts and subsequent road-crossing failures (Furniss and others
1991). Plugged culverts and fill-slope failures are frequent and often lead to catastroph-
ic increases in stream channel sediment, especially on abandoned or unmaintained
roads (Weaver and others 1995). Unnatural channel widths, slope, and streambed form
are found upstream and downstream from stream crossings (Heede 1980), and these
alterations in channel morphology may persist for long periods. Channelized stream
sections resulting from riprapping roads adjacent to stream channels are directly affect-
ed by sediment from side casting, snow removal, and road grading; such activities can
trigger fill-slope erosion and failures. Because improper culverts can reduce or elimi-
nate fish passage (Belford and Gould 1989), road crossings are a common migration
barrier for fish (Clancy and Reichmuth 1990, Evans and Johnston 1980, Furniss and
others 1991).

Key aspects of aquatic habitat are pools and instream wood (positive attributes) and
fine sediment (negative attribute). From an analysis of stream-inventory data for the
Columbia River basin (Lee and others 1997), pools declined with increasing road den-
sity and were highest in wilderness areas. Relations between wood and surface fines
were less clear. In Oregon and Washington, where wood frequency was measured, it
was higher for Forest Service lands managed as wilderness or in areas with moderate
use; it was significantly related to road density in the northern Cascades, southern
Cascades, Columbia Plateau, northern glaciated mountains, and Blue Mountains but not
in the Upper Klamath. Only the Lower Clark Fork and central Idaho mountains had
sufficient data to model the relation of wood frequency to surface fines. In these latter
two areas, the relation with road density was not significant, although the highest mean
values of five sediments were associated with the highest road-density class.
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Analysis of fish distribution and status data for seven species of anadromous and resi-
dent salmonids in the Columbia basin showed that the frequency of strong populations
generally declined with increasing road densities. Additional analyses of road effects
focused on four non-anadromous species, because effects of roads and other land
uses on anadromous species may be masked by migrational and ocean-related factors
(for example, dam passage, predation, harvest). Three species showed significant road
effects when either occupied spawning and rearing areas were distinguished from un-
occupied areas or strong status was differentiated from depressed status. The analysis
suggested a decreasing likelihood of occupancy, or a decreasing likelihood of strong
status if occupied, with increasing road density. No other variables except ground-slope
showed the consistent patterns across all species shown by the road-density measures.

The investigation of the influence of roads on population status clearly showed an in-
creasing absence and a decreasing proportion of strong populations with increasing
road density for several subgroups of fish. Additional evidence suggested that the low-
est mean road-density values (number of road miles per unit area) are always associ-
ated with strong population status.

This trend is apparent for Yellowstone cutthroat trout (Onchorynchus clarki bouvieri),
even though it was the only subgroup that did not show a significant road effect in a
logistic regression analysis. The lack of statistical significance in the face of apparent
trends, however, points to complex interactions among the explanatory variables that are
not adequately addressed in the relatively simple logistic model. Consistent, significant
effects for other species may be further testament to the presence and pervasiveness of
the effects. Strong relations between roads and the distribution and status of these spe-
cies were detected despite the potential confounding effects of other variables (such as
harvest, non-native introductions, and other habitat factors).

These results show that increasing road densities and their attendant effects are asso-
ciated with declines in the status of four non-anadromous salmonid species. These spe-
cies are less likely to use highly roaded areas for spawning and rearing and, if found,
are less likely to have strong populations. This consistent pattern is based on empirical
analysis of 3,327 combinations of known species’ status and subwatershed conditions,
limited primarily to forested lands administered by the Forest Service and the Bureau
of Land Management. The relation would not be expected to be as strong on the con-
forested, lower gradient lands administered by the bureau. Of the four species ex-
amined, the redband trout is the only one supported by the low-gradient lands. Only in
forested, high-elevation areas could redband trout status be clearly associated with
road-density changes.

Most aquatic conservation strategies acknowledge the need to identify the best habitats
and most robust populations to use as focal points from which populations can expand,
adjacent habitat can be usefully rehabilitated, or the last refugia of a species can be
conserved in unroaded areas where biophysical processes are still operating without
effects from many human disturbances. These refugia also provide necessary experi-
mental controls for evaluating the effects of land management activities in other areas.
The ecological importance of unroaded areas has been highlighted in the Columbia
basin assessment as well as other reports (FEMAT 1993, Henjum and others 1994).

The overlap of unroaded areas—both within and outside designated wilderness areas—
with stronghold watersheds for fish and with important conservation watershed efforts in
the Columbia basin also was examined. Designated wilderness and unroaded areas are
important anchors for strongholds throughout the basin. Unroaded areas occupy 41
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percent of the area with known and predicted strongholds in the east-side environmental
impact statement area. One-third of this area is outside designated wilderness. Of the
known and predicted strongholds in the upper Columbia basin area, 68 percent are
unroaded, of which 37 percent are outside wilderness.

Aquatic integrity in the Columbia basin was analyzed in relation to road densities and
integrity ratings for other resources (forest, range, hydrology). Forest clusters with the
highest integrity ratings were associated with low road densities; low integrity ratings
corresponded with moderate or higher road densities. For example, the range cluster
with the highest aquatic and composite integrity also had mostly low road densities. But
the relations between road densities and integrity ratings for other range clusters were
more variable.

The legacy of road building in the Pacific Northwest is enormous. The FEMAT report
(1993) notes that federally managed forest lands in the range of the northern spotted owl
contain about 180 000 kilometers (111,600 miles) of roads. A major portion of this road
system may constitute a potential threat to riparian and aquatic habitats through sedi-
mentation. An estimated 250,000 stream crossings (about 1.3 per kilometer [2.3 per
mile]) are associated with these roads, and a significant number of culverts are thought
to be unable to withstand storms with a recurrence interval greater than 25 years
(FEMAT 1993), a hypothesis tested and affirmed by the February 1996 flood. Analysis
suggests more than 205 000 kilometers (127,000 miles) of roads are on Forest Service
and Bureau of Land Management lands in the Columbia River basin. Many stream
crossings exist, with high densities of crossings in steep, highly dissected terrain and
low densities in drier and flatter terrains. Many of the culverts or stream crossings are
expected to perform poorly in flood events with recurrence intervals of more than 25
years, similar to their west-side counterparts identified in the FEMAT report. Even with
adequate culvert size, lack of maintenance of a road network of this size could lead to
significant road-drainage problems and accompanying effects on aquatic habitat.

Budgetary constraints on land management agencies may lead to lack of maintenance,
resulting in progressive degradation of road-drainage structures and functions, in-
creased erosion rates, and the likelihood of increased erosion (Furniss and others
1991). Problems are greatest with older roads in sensitive terrain and roads functionally
abandoned but not adequately configured for long-term drainage. Applying erosion pre-
vention and control treatments to high-risk roads can drastically reduce risks for future
habitat damage and can be both effective and cost-effective. In watersheds that contain
high-quality habitat and have only limited road networks, large amounts of habitat can
be secured with small expenditures to apply storm proofing and decommissioning activi-
ties to roads (Harr and Nichols 1993).

For federal forests with moderate to high road densities, the job of maintaining roads
may be expensive because many road networks have not been inventoried to deter-
mine their influence on riparian or aquatic resource goals and objectives. Substantial
increases in sedimentation are unavoidable even when the most cautious road-building
methods are used (McCashion and Rice 1983, Megahan 1980). Improving road-building
and logging methods, however, can reduce erosion rates and sediment delivery to
streams. The amount of sedimentation or hydrologic alteration from roads that aquatic
species can tolerate before a negative response appears is not well known, though gen-
eral effects of sediments on fishes are known. Sediment exceeding natural background
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loads can fill pools, silt spawning gravels, decrease channel stability, modify channel
morphology, and reduce survival of emerging salmon fry (Burton and others 1993,
Everest and others 1987, MacDonald and others 1991, Meehan 1991, Rhodes and
others 1994).

Rice (1992) documents an 80-percent reduction in mass erosion from forest roads
and about a 40-percent reduction in mass erosion from logged areas in northern
California that resulted from improvements in forest practices beginning in the mid-
1970s. Megahan and others (1992) used the BOISED sediment-yield production model
to evaluate the effects of historical and alternative land management in an Idaho water-
shed (South Fork Salmon River). They report that current management practices, prop-
erly implemented, could reduce sediment yield by about 45 to 90 percent when com-
pared with yields caused by the historical land use in their study watershed. If the
improved road design currently practiced by the Boise National Forest is used, how-
ever, total accelerated sediment yields are still 51 percent more than natural ones.
These improved road designs plus maximum erosion mitigation lead to 24-percent
increases over natural yields in unroaded areas. Helicopter logging results in 3-percent
increases over natural yields, and wildfire increases sediment yield about 12 percent
over natural loads (Megahan and others 1992).

Megahan and others (1995) evaluated the effects of helicopter logging and prescribed
burning on south-facing slopes of headwater drainages in the Idaho batholith by using
paired watersheds monitored from 1966 to 1986. Average annual sediment yields show
a statistically significant increase of 97 percent persisting for the 10 years of posttreat-
ment study after logging and burning. Accelerated surface erosion primarily result from
the prescribed burning, not the helicopter logging, because burning results in most of
the bare-soil exposure and in connecting the affected area to streams. Surface erosion
rates in the logged and burned areas are about 66 times greater than those on undis-
turbed slopes. The conclusion is that current best management practices can reduce
sediment yields compared with historical practices. But the risk of increased sedimen-
tation from forest management continues, particularly with such activities as road
building, timber harvest, and prescribed burning.

Temporary roads may have fewer adverse effects than do permanent roads, depending
on the extent to which they are decommissioned. As indicated by the analyses for the
Columbia basin, distinguishing the direct effects of roads from the cumulative effects of
other activities associated with roads is sometimes difficult. Thus, temporary roads may
reduce the direct effects of roads, but effects of activities for which the temporary roads
were built still will affect the environment.

Reliability, confidence, and limitations—The relations among roads, aquatic species
and their habitats, and other variables analyzed for the Columbia basin were developed
from predicted road density data developed from actual subsampled road data and a
rule-based model. The method used in developing road density classes is not a sub-
stitute for actually mapping roads, but the rule-based model approach provides a tool
for predicting road densities across a large landscape, when existing road data are
incomplete or out of date. Also, the rule-based model assures that the method used in
developing road densities is consistent throughout the Columbia basin. The final road
density model had inherent uncertainties because of incomplete data layers, limitations
of the sampling design, and the limitations of a rule-based model.
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A few road types could not be predicted by using this rule-based approach, despite its
general utility. For instance, Yellowstone National Park was assigned a road density
class of none because no unique rule-based model combinations existed for predicting
the park’s road system. Roads inside the park are based on human recreational inter-
ests, which were not accounted for in the model.

Generalizability—Because the Columbia basin assessment was designed specifically
as a broad-scale analysis, the relation of roads and aquatic species and their habitats
can be applied at the large-landscape scale. Those relations may not be the same for
federally managed lands outside the Pacific Northwest, particularly the Columbia basin,
although aquatic habitat loss and alterations, which include effects of roads, are associ-
ated with the decline of many fish species throughout North America (Miller and others
1989). Those general relations also may differ at finer scales because of specific bio-
physical characteristics, such as geology and soils, and use of actual rather than pre-
dicted road densities.

The declines in population status of non-anadromous salmonids in the Columbia basin
should be viewed as indicating the types of responses that may be experienced by other
native aquatic species in similar habitats. The species most like the non-anadromous
salmonids in distribution or habitat requirements would be expected to show the most
similar responses. This group would include the anadromous species—such as steel-
head, stream chinook salmon, and Pacific lamprey—that broadly overlap in range with
the non-anadromous salmonids and use many of the same habitats for significant por-
tions of their life. No logical reasons exist to expect anadromous fishes to be immune to
the effects of habitat change evident in the non-anadromous species. The ranges of
other species—including sculpins, dace, and some suckers—also overlap considerably,
and these species may follow similar trends in population abundance and distribution.

Although unroaded areas are significantly more likely to support strong populations,
strong populations are not excluded from roaded watersheds. Several possible reasons
for this coexistence have been suggested: The inherent productivity of some areas
allows fish populations to persist despite disturbances linked to roads; real or detectable
effects on fish populations may lag behind the initial physical effects in watersheds
where roads have been built in the last several years; and the scale of the subwatershed
(19,800 acres on average) at which strong populations are identified may mask a
potential disconnect between the real locations of strongholds and roads (which are
identified at 1-square-kilometer [0.39-square-mile] pixels). This issue of scale can be
resolved with a midscale or subwatershed analysis. The fact that strong salmonid pop-
ulations can coexist in many roaded areas provides opportunities to determine the rea-
sons, which may be instructive for both watershed restoration and future road building.
Given current information, the assumption that because roads and strong fish popula-
tions coexist in some watersheds, they will in others is not prudent, however. In general,
greater short- or long-term watershed and ecological risks are associated with entering
an unroaded area than with proceeding cautiously with management activities in roaded
areas to close and obliterate existing roads. The data strongly suggest a closer examina-
tion of the stronghold subwatersheds and their roaded condition.

Secondary links—The effects associated with roads reach beyond their direct contri-
bution to disruption of hydrologic function and increased sediment delivery to streams.
Roads provide access, and the activities that accompany access magnify the negative
effects on aquatic systems beyond those caused solely by the roads themselves. Activi-
ties associated with roads include fishing, recreation, timber harvest, livestock grazing,
and agriculture. Roads also provide avenues for stocking non-native fishes.
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Unfortunately, inadequate broad-scale information on many of these attendant effects
for the Columbia basin prevents identification of their component contributions. Simi-
larly detailed analyses are needed to address the relations between roads and fish at a
landscape scale in other ecoregions.

Conclusions—The range of specific case studies for broad-scale assessment of road
relations in the Columbia basin provides a substantial base of information on which to
evaluate the direct effects of roads and the cumulative effects of activities associated
with roads on aquatic habitats and species in the Northwest.

Issue—Effects of roads on vertebrate populations act along three lines: direct effects,
such as habitat loss and fragmentation; road use effects, such as traffic causing verte-
brate avoidance or road kill; and additional facilitation effects, such as overhunting or
overtrapping, which can increase with road access.

Findings—In recent research in the interior Columbia River basin, Wisdom and others
(2000) identify more than 65 species of terrestrial vertebrates negatively affected by
many factors associated with roads. Specific factors include habitat loss and fragmen-
tation, negative edge effects, reduced densities of snags and logs, overhunting, over-
trapping, poaching, collection, disturbance, collisions, movement barriers, displacement
or avoidance, and chronic, negative interactions with people. These factors and their
effects on vertebrates in relation to roads are summarized from Wisdom and others
(2000) as follows:

Road construction converts large areas of habitat to nonhabitat (Forman 2000, Hann and
others 1997, Reed and others 1996); the resulting motorized traffic facilitates the spread of
exotic plants and animals, further reducing quality of habitat for native flora and fauna
(Bennett 1991, Hann and others 1997). Roads also create habitat edge (Mader 1984, Reed and
others 1996); increased edge changes habitat in favor of species that use edges, and to the
detriment of species that avoid edges or experience increased mortality near or along edges
(Marcot and others 1994).

Species dependent on large trees, snags, or logs, particularly cavity-using birds and mammals,
are vulnerable to increased harvest of these structures along roads (Hann and others 1997).
Motorized access facilitates firewood cutting, as well as commercial harvest, of these
structures.

Several large mammals are vulnerable to poaching, such as caribou, pronghorn antelope,
mountain goat, bighorn sheep, wolf, and grizzly bear (Autenrieth 1978, Bruns, 1977, Chadwick
1973, Dood and others 1986, Greer 1985, Gullison and Hardner 1993, Horejsi 1989, Knight
and others 1988, Lloyd and Fleck 1977, Luce and Cundy 1994, Mattson 1990, McLellan
1990, McLellan and Shackleton 1988, Mech 1970, Scott and Servheen 1985, Singer 1978,
Thiel 1993, Van Ballenberghe and others 1975, Yoakum 1978). Roads facilitate this poaching
(Cole and others 1997).

Gray wolf and grizzly bear experience chronic, negative interactions with humans, and roads
are a key facilitator of such interactions (Mace and others 1996, Mattson and others 1992,
Thiel 1985). Repeated, negative interactions of these two species with humans increases
mortality of both species and often causes high-quality habitats near roads to function as
population sinks (Mattson and others 1996a, 1996b; Mech 1973).

Carnivorous mammals such as marten (Martes americana), fisher (M. pennanti), lynx (Lynx
canadensis), and wolverine (Gulo luscus) are vulnerable to overtrapping (Bailey and others
1986, Banci 1994, Coulter 1966, Fortin and Cantin 1994, Hodgman and others 1994,

Terrestrial Vertebrates
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Hornocker and Hash 1981, Jones 1991, Parker and others 1983, Thompson 1994, Witmer and
others 1998), and overtrapping can be facilitated by road access (Bailey and others 1986,
Hodgman and others 1994, Terra-Berns and others 1997, Witmer and others 1998).
Movement and dispersal of some of these species also is believed to be inhibited by high rates
of traffic on highways (Ruediger 1996), but this has not been validated. Carnivorous mammals
such as lynx also are vulnerable to increased mortality from highway encounters with
motorized vehicles (as summarized by Terra-Berns and others 1997).

Reptiles seek roads for thermal cooling and heating, and in doing so, these species experience
significant, chronic mortality from motorized vehicles (Vestjens 1973). Highways and other
roads with moderate to high rates of motorized traffic may function as population sinks for
many species of reptiles, resulting in reduced population size and increased isolation of
populations (Bennett 1991). In Australia, for example, 5 million reptiles and frogs are esti-
mated to be killed annually by motorized vehicles on roads (Ehmann and Cogger 1985, as
cited by Bennett 1991). Roads also facilitate human access into habitats for collecting and
killing reptiles.

Many species are sensitive to harassment or human presence, which often are facilitated by
road access; potential reductions in productivity, increases in energy expenditures, or
displace-ments in population distribution or habitat use can occur (Bennett 1991, Mader
1984). Exam-ples of such road-associated effects are human disturbance of leks (sage grouse
[Centrocercus urophasianus] and sharp-tailed grouse [Tympanuchus phasianellus]), nests
(ferruginous hawk [Buteo regalis]), and dens (kit fox [Vulpes macrotis]). Another example is
elk avoidance of large areas near roads open to traffic (Lyon 1983, Rowland and others 2000),
with elk avoidance increasing with increasing rate of traffic (Wisdom and others 2000,
Johnson and others 2000).

Bats are vulnerable to disturbance and displacement caused by human activities in caves,
mines, and on rock faces (Hill and Smith 1984, Nagorsen and Brigham 1993). Cave or mine
exploration and rock climbing are examples of recreation that could reduce population fitness
of bats that roost in these sites (Nagorsen and Brigham 1993, Tuttle 1988). Such activities
may be facilitated by human developments and road access (Hill and Smith 1984).

Ground squirrels often are targets of recreational shooting (plinking), which is facilitated by
human developments and road access (Ingles 1965). Many species of ground squirrels are
local endemics; these small, isolated populations may be especially vulnerable to recreational
shooting and potentially severe reductions or local extirpations of populations.

Roads often restrict the movements of small mammals (Mader 1984, Merriam and others
1988, Swihart and Slade 1984), and consequently can function as barriers to population
dispersal and movement by some species (Oxley and Fenton 1974).

Many granivorous birds are attracted to grains and seeds along roadsides and as a result have
high mortality from collisions with vehicles (Vestjens 1973). And pine siskens (Carduelis
pinus) and white-winged crossbills (Loxia leucoptera), for example, are attracted to road salt,
which can result in mortality from vehicle collisions (Ehrlich and others 1988).

Terrestrial vertebrates inhabiting areas near roads accumulate lead and other toxins that
originate from motorized vehicles, with potentially lethal but largely undocumented effects
(Bennett 1991).

In summary, no terrestrial vertebrate taxa seem immune to the myriad of road-associ-
ated factors that can degrade habitat or increase mortality. These multifaceted effects
have strong management implications for landscapes characterized by moderate to high
densities of roads. In such landscapes, habitats are likely underused by many species
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that are negatively affected by road-associated factors. Moderate or high densities of
roads sometimes index areas that function as population sinks that otherwise would
function as source environments were road density low or zero.

Reliability, confidence, and limitations—General effects of roads and road-associ-
ated factors on a wide variety of vertebrate taxa are well documented from a broad
range of studies conducted in North America, Europe, and other areas (Bennett 1991,
Forman and Alexander 1998, Mader 1984, Trombulak and Frissell 2000, Vestjens 1973).
Reliability of such effects at large, landscape scales, and for many taxa, is compelling
and unequivocal. Reliability of site-specific, small-scale effects, with focus on single
species, is less certain. For many species at local scales, the array of factors that could
affect habitats or populations have been neither well studied nor documented. Despite
such limitations, current knowledge of broad-scale effects on a variety of taxa is highly
certain and provides an overarching paradigm from which likely or presumed effects on
single species at local scales can be inferred. The many factors associated with roads
suggests that mitigating such effects succeeds best at large scales, when focused on
multiple species, and when based on a combination of aggressive road obliteration and
protection of roadless areas (Trombulak and Frissell 2000).

Generalizability—Although the summary of road-associated effects on vertebrates
described here is taken from research conducted in the interior Columbia River basin
(Wisdom and others 2000), results likely apply to several species occupying a diversity
of forest and rangeland environments in North America. At least four reasons account
for this presumed high generalizability: the road and road-associated effects described
by Wisdom and others (2000) were synthesized from research conducted across the
world; the synthesis focused on multiple species encompassing diverse taxa and envi-
ronmental requirements; the synthesis addressed an extreme range of environmental
conditions on federal lands administered by the Forest Service, the Bureau of Land
Management, and state, private, and tribal landowners; and the synthesis focused on
large-scale, overarching effects common to many species and conditions.

Secondary links—Many road-associated effects on terrestrial vertebrates are inti-
mately linked to managing human activities related to road access. Accordingly, mitiga-
tion of road-use effects requires effective control of human access to roads related to
managing livestock, timber, recreation, hunting, trapping, and mineral development.

Conclusions—Comprehensive mitigation of the full array of road-associated effects on
terrestrial vertebrates of conservation concern poses one of the most serious of land
management challenges. Balancing such mitigation with socioeconomic desires will be
controversial and contentious. Comprehensive efforts to mitigate road-associated ef-
fects on terrestrial vertebrates is well suited to testing as a large-scale management
experiment developed and implemented jointly by managers, researchers, and the
public.

Issues—Large numbers of animals are killed annually on roads. In selected situations,
such as for some amphibians with highly restricted home ranges, populations of rare
animals may be reduced to dangerous sizes by road kills.

Findings—An estimated 1 million vertebrates a day are killed on roads in the United
States (Lalo 1987). Studies show that the number of collisions between animals and
vehicles is directly related to the position of the nearest resting and feeding sites
(Carbaugh and others 1975). Because most forest roads are not designed for high-
speed travel, and the speed of the traffic is directly related to the rate of mortality, dir-
ect mortality on forest roads is not usually an important consideration for large mammals

Road Kill
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(Lyon 1985). An exception is forest carnivores, which are especially vulnerable to road
mortality because they have large home ranges that often include road crossings (Baker
and Knight 2000). Forest roads pose a greater hazard to small, slowly moving, migratory
animals, such as amphibians, making them highly vulnerable as they cross even narrow
forest roads (Langton 1989). Nearly all species of reptiles use roads for cooling and
heating, so many of them are killed by vehicles. Highways and other roads with
moderate- to high-speed traffic function as population sinks for many species of
reptiles, resulting in reduced and increasingly isolated populations (Wisdom and others
2000). Predators and scavengers are killed while they feed on road-killed wildlife, as
are other species attracted to roads because of salts or vegetation, or because roads
facilitate winter travel (Baker and Knight 2000). Although countless animals are killed
on roads every year, documented road-kill rates are significant in reducing populations
of only a few rare species in North America, and these kills generally are on high-speed
highways (Forman and others 1997).

Reliability, confidence, and limitations—A large body of data documents annual road
kill, and wildlife science can describe the factors that put wildlife at risk, but little re-
search has focused on how to mitigate the effects on wildlife populations.

Generalizability—Most road-kill questions will be related to individual species and
geographic sites, but general principles such as the frequency of travel between known
resting and feeding areas for individual species can be used in project decisions.

Secondary links—Road-kill issues link to habitat fragmentation, predation, and access
issues.

Conclusions—The issues can be addressed based on site and species. Difficulty will
arise in integrating road kill with the social and economic issues related to mitigation.

Issues—In general, the existence of roads seems to have little effect on forest tree
diseases, but there are some examples where building or using roads caused signifi-
cant local effects. Nearly always, the negative effects can be ameliorated through simple
modifications in how they are built and used. The one benefit of roads, as it pertains to
tree diseases, is to provide access for silvicultural activities that protect resources, such
as the ability to inoculate decay fungi into trees to create wildlife habitat (Bull and others
1997). One negative effect includes the movement of people on the roads, which allows
the pests to be introduced. Road building also may set the stage for an insect attack that
further stresses the trees and then a disease outbreak that kills them (Boyce 1961).

Findings—A significant forest disease problem associated with roads is Port-Orford-
cedar root disease. This disease of Port-Orford-cedar (Chamaecyparis lawsoniana (A.
Murr.) Parl.) is a root disease caused by the fungus Phytophthora lateralis. Spores of
the fungus are carried in water or contaminated soil to uninfected areas. Roads of any
sort in the very limited geographic range of the primary host provide a way to move
soil—along with the fungus—from infected to uninfected areas. Spread of the fungus
can be checked by careful planning to reduce entry to uninfected areas, road closures,
partial road closures during wet weather, attention to road surfaces and drainage of
possibly contaminated water to streams, wash stations to remove soil from vehicles
before entry to uninfected areas, and sanitation strips to remove host plants from near
roadsides (Kliejunas 1994, Roth and others 1987, Zobel and others 1985). Building and
maintaining roads may exacerbate root diseases. Wounded trees and conifer stumps
created and not removed during road building provide infection courts for annosus root
disease; the disease may then spread through root contacts to kill a patch of trees
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(Otrosina and Scharpf 1989). Trees damaged or stressed by road building—through
direct wounding of stems and roots, covering of roots with side castings, or compacting
of soil over roots—become susceptible to various tree diseases. Armillaria root disease
is benign in deciduous stands where only injured trees are attacked but more serious in
conifer stands where pockets of disease are initiated (Shaw and Kile 1991). Oak de-
cline is associated with poor sites, older stands, and road building or other disturbance
(Wargo and others 1983). Black stain root disease (Leptographium wagneri) attacks
stressed conifers associated with disturbance, especially compaction caused by road
building; in pinyon pine (Pinus monophylla), it is associated with roads and campsites
(Hansen 1978, Hansen and others 1988, Hessburg and others 1995). Droopy aspen
disease is associated with road building and compaction, but the pathogen identity is
unknown (Jacobi and others 1990, Livingston and others 1979). Sap streak disease in
sugar maple is associated with compaction from roads and from direct injury to trees
(Houston 1993).

Road building can be planned to help reduce the spread of some forest tree diseases:
mistletoe is spread by the forcible ejection of the mistletoe seeds. In young plantations
or pole-sized stands, roads can subdivide an area to prevent mistletoe seeds from
reaching a healthy stand (Hawksworth and Wiens 1996). In Texas, roads could be
planned to separate a portion of a stand with oak wilt from healthy trees. The act of
building the road (if extensive enough) severs root connections and prevents tree-to-
tree movement of the pathogen (Appel and others 1995, Rexrode and Brown 1983). In
other areas, new or established roads may have the unintended effect of breaking the
continuity of host roots and thus halting the spread of laminated root rot (Phellinus
weirii) and other root diseases (Hadfield 1986, Thies and Sturrock 1995).

Roads indirectly contribute to disease spread by giving people access to remote forests
and ways to transport material long distances. New pockets of both oak wilt and beech
bark disease (Houston and O’Brien 1983) may have resulted from moving firewood
from the forest to a homesite (Appel and others 1995, Rexrode and Brown 1983).
Pitch canker (Fusarium subglutinans) was recently reported on Monterey pine (Pinus
radiata) in California; previously, it had been found on little-leaf and slash pines in the
South. A single introduction is thought to be responsible; 117 vegetative compatibility
groups are found in Florida but only 5 in California, and 70 percent of the isolations in
California are from a single group, likely carried on a tree transported as an ornamental
(Correll and others 1992, Storer and others 1995). Campers who use roads to get to
remote sites in Colorado and other states have caused significant mortality by carving
on aspen and birch, which provides pathways for various fungi that cause cankers and
quickly kill the trees. Many trees are unintentionally damaged, for example, when
campers hang a gas lantern on a branch too close to the trunk of a tree, thereby
causing heat damage.

One abiotic disease has caused significant damage. In the Lake Tahoe basin in
California, trees were killed by salt put on the roads to reduce ice. This problem also
has appeared in some areas of the Midwest and east coast (Kliejunas and others
1989, Scharpf 1993, Scharpf and Srago 1974). Needle and rust diseases spread long
distances by spores and do not appear to be influenced by roads or road building.

Reliability, confidence, and limitations—Field studies tend to focus on a single
disease or an insect-disease complex; many of these centers are associated with or
influenced by compaction or tree damage associated with roads.
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Generalizability—Problems, where they exist, appear to be specific to the pathogen,
host, and site.

Conclusions—In general, land managers appear to have the information and technol-
ogy needed to handle most road, road building, and disease interactions. Additional
science-based information is needed to understand and manage the interactions be-
tween compaction and black stain root disease and between compaction and droopy
aspen disease.

Issues—The introduction of roads into the closed forest environment creates corridors
by which predators can enter and affect native populations.

Findings—Forest roads create corridors by which predators, especially people, can
enter the forest environment and affect wildlife populations. Nest depredation of song-
birds may increase by predators attracted to edges. Evidence for edge effects, how-
ever, is highly variable (Paton 1994). Although evidence has been found for local edge
effects in cowbird parasitism and nest depredation, their effects on bird populations is
not documented. Geographic location and large-scale patterns in the amount of forest
and nonforest habitats may be more important in determining the reproductive success
of forest songbirds (Donovan and others 1997, Robinson and others 1995). Forest
carnivores apparently travel on roads in winter when snow is deep, and thus the road
system alters and enhances their ability to move (Paquet and Callaghan 1996). Wolves
and grizzly bears are two key species that have chronic, negative interactions with
people, and roads are a key facilitator. Repeated, negative interactions of these two
species with people increase mortality of both species and often cause high-quality
habitats near roads to be population sinks (Wisdom and others 2000). High road densi-
ties are associated with a variety of negative human effects on several wildlife species
(Brocke and others 1988). People directly affect snakes by collecting, harassing, and
killing them (Wisdom and others 2000). Increases in illegal hunting pressure, facilitated
by roads, also negatively affect populations. Moose, wolves, caribou, pronghorn ante-
lop, mountain goat, and bighorn sheep are particularly vulnerable to this kind of preda-
tion (Lyon 1985, Wisdom and others 2000).

Reliability, confidence, and limitations—Limited data exist on the effects of introduc-
ing natural predators as a result of road building. The evidence is strong that human
predation, either legally in game management programs or illegally, is greatly facilitated
by roads and can significantly affect populations of animals.

Generalizability—General principles related to human effects on wildlife populations
are understood by wildlife managers and can be applied to species and site-specific
management.

Secondary links—Predation links to other habitat-related topics, such as fragmenta-
tion and road kill, and also to people-related topics such as recreation.

Conclusions—Species-specific issues related to predation facilitated by roads can be
addressed for specific sites. Predation related to illegal hunting facilitated by improved
access can be addressed by legal measures, or, where legal remedies are ineffective,
by closing or decommissioning roads where wildlife values are high.

Issues—Previous issues in this section may be synthesized by the concept of biodiver-
sity. Biodiversity is, in simplest terms, the variety of life and its processes (Keystone
Center 1991). Recent syntheses (Heywood and Watson 1995) emphasize the recipro-
cal relation between biodiversity—conceived as genetic and species diversity—and
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ecosystem function. The many species comprising the biodiversity of an area play
roles essential to ecosystem function and are the source of variation that enables an
ecosystem to adapt to change. The healthy, functioning ecosystem, in turn, supports
the many species living within it. Appreciating this reciprocity means that biodiversity
can be taken as a natural measure of the ecosystem as a whole and thus can integrate
the many concerns listed.

Some species may play more important roles than others in the normal functioning of
an ecosystem. For example, keystone species may define the major structural ele-
ments of an ecosystem, as Douglas-fir does for forests in the Pacific Northwest, or
they may—by virtue of their position in a complex trophic structure—act to maintain the
diversity as keystone predators do for herbivores. On the other hand, the many species
that do not appear to serve an important role in an ecosystem constitute a reservoir of
potential adaptation to change. Because an ecosystem cannot predict change, the
diversity of species acts as a hedge against it.

Biodiversity is vital to long-term ecosystem function, and human activities that decrease
biodiversity can impair it. Our working hypothesis, then, is that measures of biodiversity
provide the best integrative assessment of the effects of roads on ecosystems.

Findings—Roads can have major adverse effects on biodiversity, many of which are
already described (Forman and Collinge 1996). A recent review by Forman and
Hersperger (1996) usefully distinguishes these aspects of the road-biodiversity
interaction:

• Road density: As road density increases, thresholds may be passed that cause
some species to go locally extinct. The probability of extinction depends, in part, on
body size, with larger animals requiring larger residual populations to prevent their
extinction.

• Road-effect zone: The effects of roads can extend over some distance from their
centers, such that their “effective widths” can be many times their actual widths.

Reliability, confidence, and limitation—The confidence in the general negative rela-
tion between roads and biodiversity is high. The current primary limitation, however, is
on the utility of measures of biodiversity for assessing road effects. First, both the status
of keystone and other important species must be assessed, which seems fairly straight-
forward. But, second, the status of the pool of all the other species that form the basis
for adaptation to change must be assessed, and how to do this assessment is much less
clear.

Landscape ecology as well as fragmentation and viability analysis contain relevant
scientific uncertainties. Two critical uncertainties must be resolved to understand how
roads affect fragmentation and population viability. First, in the mechanistic analysis of
the effects of roads and roadlike entities, such as power lines, on landscape fragmen-
tation and species viability, the question of the “effective width” of roads is open. Kiester
and Slatkin (1974) predict that, for species using conspecific cuing for movement strat-
egies and habitat selection (likely most vertebrates), a spatially localized source of
mortality in an area of otherwise suitable habitat can act as an active sink, drawing in-
dividuals in as residents die, making it likely that the new individuals will die as well. Con-
sider a road traversing the habitat of a territorial or conspecific-cuing species. Those
individuals whose home range overlaps a road have some probability of being hit each
time they venture across it. Eventually they are killed, and their neighbors, in the pro-
cess of constantly testing the boundaries of their home ranges, move into the vacated
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area next to the road and themselves run the risk of road mortality. The question is,
How far from a road does this probability of mortality spread? Second, at the landscape
scale, the relation between patterns of dispersal of individual species and measurements
of fragmentation must be clarified. Current information (Schumaker 1996) indicates that
most of the commonly used measures of fragmentation do not predict habitat connec-
tivity for individual endangered species; rather, a model of fragmentation must be de-
rived from species-specific dispersal characteristics. This kind of analysis is now
available for only a few species.

Generalizability—Exactly how roads affect biodiversity in any particular place is a
matter of the devil being in the details. The results given here would generally apply to
any area.

Secondary links—Appreciation of biodiversity itself is an important part of the passive-
use value of biodiversity. In particular, the aesthetic appreciation of biodiversity through
an understanding of how biodiversity is sublime (rather than just beautiful) is now
leading to a new link between biodiversity and passive-use value (Kiester 1997).

Conclusions—Forman and Hersperger (1996) conclude “ ...that a quantum leap in
focus on the ecological effects of roads is warranted, and that the foundations are in
place for effective research, planning, public education, and action.”

Issues—Roads provide access to and increase the opportunity for applying a variety of
chemicals in national forests. Some applications target the roads, such as with road sur-
face treatment; other chemicals are intended for adjacent ecosystems to control pests
and fertilize vegetation. Materials also are added to roads by traffic, such as asbestos
from brake linings, oil leakage, and accidental spills. Some portion of applied and spilled
chemicals eventually reaches streams by drift, runoff, leaching, or adsorption on soil
particles. Roads also increase the nutrient delivery to streams by removing vegetation,
rerouting water flow paths, and increasing sediment delivery. And roads increase the
likelihood of toxic spills associated with accidents along streamside corridors.

Findings—Chemicals applied on and adjacent to roads can enter streams by various
pathways. The likelihood of water-quality deterioration from ground applications is a
function of how much chemical is applied, the proximity of the road to a stream, and the
rainfall, snowmelt, and wind events that drive chemical and sediment movement. The risk
is a function of the likelihood of water-quality deterioration and exposure of organisms,
including people, and how susceptible the organisms are to the pollutant or pollutants.
(A large proportion of Forest Service roads are low standard and few if any chemicals
are applied, so the risk of chemical contamination for most Forest Service roads is
relatively low.)  Chemicals are applied directly to roads and adjacent rights-of-way for
various purposes, including dust abatement, stabilizing the road surface, deicing,
fertilizing to stimulate plant growth on road cuts and fills, and controlling weeds and the
invasion of nonweedy plants onto the roadway (Furniss and others 1991, Norris and
others 1991, Rhodes and others 1994). Applied chemicals can enter streams directly
when they are applied, but little is known about the effects of these chemicals on stream
biota (Furniss and others 1991). Norris and others (1991) provide a comprehensive
review of the types and amounts of fertilizers, pesticides, and fire retardants applied to
forests in the United States, although little information is given to distinguish road-related
from aerial applications. They report that most herbicides are applied by ground-based
equipment, presumably using roads for access; that ground-based applications in or
near aquatic zones can result in chemicals entering streams by drift or direct applica-
tion; and that these problems are more serious when the chemicals are applied from the
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air. Movement of sediment containing adsorbed chemicals is possible, and the risk
increases with increasing persistence (Norris and others 1991). The amount of input by
this pathway is thought to be small, however; it is a more likely pathway for entry of salts
applied for de-icing and of fertilizers applied to road fills.

Increased nutrient supply to streams from roads is proportional to the area disturbed
and maintained free of vegetation and the amount of sediment delivered. Increased
nutrients rarely have detrimental effects on stream water quality, but they may modify
the composition of aquatic biota (Hawkins and others, in press). Few studies examining
watershed responses to logging separate the effect of road building from those of the
broader disturbance associated with removing timber. In one such study, Swank (1988)
monitored stream chemical composition during the pretreatment, road building, logging,
and posttreatment phases in a cable-logged watershed in the southern Appalachian
Mountains. No stream chemical response was found to result from the road-building
phase of the watershed treatment. Nutrient movement to streams often increases signif-
icantly after timber harvest operations (Frederiksen and others 1973, Hornbeck and
others 1973, Likens and others 1970, Pierce and others 1972, Swank and Waide
1988). The primary intent of these studies was to assess onsite nutrient losses, with
changes in water quality a secondary concern. All cited studies report increases in
nitrogen cation and phosphorus concentrations in streams after treatment. In general,
nutrient loss to streams is roughly proportional to how much vegetation was removed.
For example, three studies at Hubbard Brook in New Hampshire compared three treat-
ments: clearcutting with a herbicide treatment to suppress vegetation regrowth (Likens
and others 1970), clearcutting without suppressing regrowth (Pierce and others 1972),
and strip cutting of one-third of the forest (Hornbeck and others 1973); the three studies
found nitrogen concentrations in streams reduced, most by the first treatment, less by
the second, and least by the third. These findings suggest that residual or reestablished
vegetation immobilizes released nutrients, thus diminishing the disturbance effect.
Although roads might not respond in the same way because of drainage rerouting, we
expect that nutrient mobility is proportional to the area maintained in a disturbed, non-
revegetated state.

Hazardous chemical spills from vehicle accidents can pose a direct, acute threat of
contamination to streams. The risk of hazardous chemical spills resulting from vehicle
accidents adjacent to waterways is recognized and documented by the National Forest
System and by state transportation departments (IDT 1996). Risk-analysis models of
accident-related chemical spills are available, but they are designed for paved roads in
nonmountainous terrain. Models take into account risk to human health, traffic frequen-
cy, vehicle type, and proximity to water. Possible contaminants include any substance
being transported, such as fuel, pesticides, chemicals used in mining, fertilizers, and
fire retardants.

Reliability, confidence, and limitations—Both anecdotal and scientific bases for
linking increased access provided by roads to increased use of a wide variety of intro-
duced chemicals are strong. Potential delivery to streams is mainly anecdotal, and few
models are available for predicting delivery. Evidence for increased nutrient delivery to
streams from disturbance by roads is strong, but it is confounded by other manage-
ment activities such as logging.

Generalizability—The use of chemicals that are potential contaminants is well known
and often described. The likelihood of routinely or accidentally spilled chemicals is re-
lated to type and frequency of traffic, but determining probabilities of spills accurately is
difficult or impossible, especially for accidents. The likelihood of contaminants reaching
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a stream differs widely from site to site; it is most strongly controlled by stream proximity
and road drainage features. Soluble and persistent elements and compounds adsorbed
on sediment particles have increased probability of contaminating waterways.

Secondary links—Roads have strong links to aquatic health and biological response. A
large body of literature exists on bioassays, but little information is available on trans-
port, toxicity, and persistence of potential contaminants in natural systems. Terrestrial
effects of chemicals, such as damage to vegetation by road salt, are not addressed
here.

Conclusions—Most of the information is anecdotal or requires extrapolation from other
studies (nutrient issues). The degree to which aquatic organisms are affected by ap-
plied and routinely spilled chemicals is poorly known or not understood in most places.
Better information on effects is needed to make decisions about chemical application,
road drainage control, and road location. Better models of chemical spill risks on
forested roads are needed.

Issues—Dust emitted into the atmosphere by vehicles moving on unpaved roads con-
tributes to reducing visibility and to suspending airborne particulates that can pose
health hazards. Issues revolve around the contribution of national forest roads to re-
gional and urban air pollution and what effects maintaining, paving, and shutting down
roads on national forests have on this problem. Roads built into or surfaced with
serpentinitic rock may contain asbestos-type minerals that could pose a hazard to
people exposed to dust from the road surface.

Findings—Scientific literature on this topic is scarce. A study of degraded visibility and
its causes in 16 national parks and wilderness areas on the Colorado Plateau, by the
Grand Canyon Visibility Transport Commission (available online at http://www.nmia.com/
gcvtc/), found that dust from unpaved roads could be a contributing factor. Soils in the
Southwest are often very fine textured, and once dust is made airborne by vehicles, it
can remain suspended for a long time and be transported long distances by the wind.
The commission recommended that the Environmental Protection Agency (EPA) require
further study and mitigation of these effects.

The amount of dust emitted into the atmosphere is estimated by a formula that consid-
ers the number and speed of vehicles traveling on a road in a given period, the relative
humidity, and the composition of the road surface. This model was developed and
reviewed by the Department of Transportation and the EPA. Related information about
calculations for paved roads can be found at http://www.epa.gov/ttn/chief/ap42/ch13/
related/c13s02-1.html.

Dust emissions also raise issues of human health. Where national forests are close to
urban areas, dust from national forest roads can contribute to the burden of airborne
particulate matter from a wide variety of sources including transportation and industrial
activities. The fine fraction of airborne particles with diameters less than 2 microns have
been found to contribute to human health problems and increased mortality, especially
in young children, old people, and people with lung problems such as asthma and
emphysema. Particles of this size and smaller cannot be effectively cleared by human
lungs and therefore accumulate. How much road dust from forest roads contributes to
the fine particulates in urban atmospheres is not currently known for most cities
because the EPA is just beginning wide-spread monitoring of fine particulates, and
reliable results will take at least 3 years to gather.

Air Quality
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Unpaved roads built into or surfaced with serpentine materials can generate dust con-
taining asbestos or asbestiform minerals. Although few such roads exist, methods have
been developed to determine the extent of ambient asbestos coming from them.

During commercial use of unsurfaced roads, watering or other dust-abatement treat-
ment (such as the addition of lignin sulfonate or calcium chloride) is often required by
the Forest Service or other road manager to reduce dust emissions and conserve the
fine fraction of the road surface. Such treatments do not accompany noncommercial
uses, however, and they include most of the traffic for such roads.

The EPA has proposed a regional haze rule calling for more regions to do the kind of
analysis done by the Grand Canyon Commission. Such analyses are likely to find
similar emissions from unpaved roads and similar visibility problems elsewhere. EPA’s
recent tightening of the National Ambient Air Quality Standard on the effects of fine
particles on human health are likely to require similar analyses of particle emissions,
especially as they affect urban air quality. Analyzing the entire transportation system,
including national forest roads, would be a logical approach to finding the most efficient
means of controlling air pollution. Under emissions-trading scenarios, treatments, like
paving or closure to reduce emissions of particles from national forest roads might
qualify for highway funds, as cost-effective adjuncts to upgrading major arterials to
reduce air pollution.

Reliability, confidence, and limitations—The basic models of dust emission and
transport down-wind are generally reliable and widely used by the EPA in regulatory
decisions. Much of the basic data to make these calculations for national forest roads
have not been collected; thus, most estimates of the emissions are based on very
coarse estimates of the conditions that produce dust emissions. Effects of the amount
of road maintenance on emissions also are not well understood. The effects of road
closures on dust emissions are not easily predicted because they depend on the details
of how traffic is rerouted from closed sections and what emissions are created by the
rerouted traffic pattern.

Generalizability—Models of emissions are relatively easy to generalize to many parts
of the country, if reliable data are collected to use in them.

Secondary links—Reductions in visibility negatively affect recreational values because
beauty is one of the major attractions to national forest visitors. Improving national forest
roads to reduce dust emissions could be linked to regional transportation plans aimed at
reducing air pollution. Such a link might make Forest Service roads eligible for highway
funds.

Conclusions—Emissions from national forest roads would need to be included in
regional analyses of air emissions. Models to make these analyses are available, but
data to represent national forest roads would have to be collected and included in the
analysis.

Issues—Road closures are expected to strongly affect Forest Service timber programs.
On federal timberlands, the timber program and an extensive road network evolved
simultaneously. Many roads were built by purchasers or with purchaser credits from
timber sales, but these roads served a variety of users. By the late 1980s, about 25,000
timber sales were recorded per year (of more than $300) supplying 14 percent of the
U.S. timber harvest. This harvest supported some 125,000 direct jobs in many com-
munities, mostly in the Western United States. By 1997, the proportion of total U.S.
harvest supplied from federal lands had dropped by half because of efforts to protect
various habitats for species at risk of extinction.

Direct
Socioeconomic
Effects

Timber Programs
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Along with the evolution of the existing road network went the development of logging
systems designed for site conditions, soil-compaction concerns, and costs. Such sys-
tems (except for some forwarder systems) are designed to minimize skid distances,
both in harvest units and at road-based landings. The most commonly used logging sys-
tems (cable yarding or ground-based skidding systems) depend on direct access to a
stand. Helicopter and cut-to-length (harvester-forwarder) systems depend on access to
nearby stands (usually less than a mile).

Findings—In steep terrain, reducing road densities may require longer cable yarding
distances, and because yarding distance is a significant cost factor, especially in thin-
nings (Hochrein and Kellogg 1988; Kellogg and others 1996a, 1996b) timber harvesting
costs likely will increase. In addition, greater reliance could be placed on helicopter
logging, which would increase logging costs by as much as 2.5 times. Another result
could be more wood left behind in the forest because logs must be bucked to their
optimum length to maximize the payload of the helicopter.

In gentler terrain, a reduction in road densities could lead to an increased use of cut-to-
length (harvester-forwarder) systems or more reliance on cable yarding. Primary trans-
portation distance (movement of logs from stump to landing) is a variable significantly
affecting the productivity of ground-based skidding (Tufts and others 1988) as well as
harvester-forwarder systems (Kellogg and Bettinger 1994). Lanford and Stokes (1996)
note, however, that at least with similar primary transportation distances in the South-
east, harvester-forwarder systems have comparable costs per unit harvested to tradi-
tional ground-based skidder systems, yet with lower environmental effects. If cable
yarding replaced some ground-based systems, costs could increase by 1.4 times or
more (Kellogg and others 1996b).

Logging cost increases (all else held constant) would reduce the likelihood that pro-
posed sales would sell and lead to reduced harvest. The Forest Service’s Washington,
DC, office provided an estimate of the extent of these harvest reductions. They esti-
mated that harvests would be reduced by 6 percent in the Northern Region (Montana,
northern Idaho, North Dakota, and northwestern South Dakota), 90 percent in the Inter-
mountain Region (southern Idaho, Nevada, Utah, and western Wyoming), and 17 per-
cent in the Pacific Northwest Region (Oregon and Washington). If the issue involves
only the use of secondary roads into sale units or just reliance on temporary roads for
local sale access, then these effects may be overstated.

More difficult to determine are the long-term effects of focusing future management
activities in only the roaded sections of national forests, where one of the primary man-
agement tools is stand manipulation through timber-sale contracts. Some management
activities, such as prescribed fire, are not road dependent but most of the techniques
for stand manipulation require some type of access.

Another issue is how changes in one region relate to changes elsewhere in North
America. Reductions in federal timber harvest largely in the West are offset by in-
creases in harvest elsewhere (mostly in Canada and on private timberlands in the
South). These offsetting changes are usually sufficient to reduce consumer effects
to modest, so that the largest effects are borne by producers (and their employees)
in the affected regions.

Reliability, confidence, and limitations—Studies document the effect of skid dis-
tances and different logging systems on logging costs (Kellogg and Bettinger 1994,
Kellogg and others 1996a, Lanford and Stokes 1996, Tufts and others 1988). Some
of these studies were used to support timber appraisal processes. The effect of higher
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logging costs (because of more expensive logging systems) on stumpage prices has
been well documented in the literature (for example, Jackson 1987); stumpage values
have to be greater than logging costs for sales to be sold. Increasing logging costs, all
else held constant, will result in fewer sales (or more sales being below cost). The ef-
fects listed in the findings are uncertain after one to two years because of the ability
timber sale planners have to redesign timber sales, including their ability to change
harvest unit locations.

Generalizability—The results are generalizable. What does differ are the values for
timber throughout the West and the opportunities for less road-dependent logging
systems.

Secondary links—The secondary effect of greatest concern is the potential loss of
access to stands for forest management activities that remove individual trees. Although
much of the current controversy is over final harvest, many other silvicultural practices
depend on timber-sale contracts and timber removals to achieve various stand and land-
scape conditions. Often the forest road network was designed to allow access to multiple
stands. Identifying the optimal network in light of potential additions or reductions in
roads is difficult (Dean 1997). In addition to considering the loss of access, planners
need to consider costs of alternative road building or rebuilding, landslide risks, and
expected environmental effects, when they evaluate road management alternatives
(Sessions and others 1987). Algorithms to incorporate road management alternatives
in forest planning efforts have been described for traditional optimization techniques
(Jones and others 1991), as well as heuristic methods (Bettinger and others 1998,
Weintraub and others 1995). The effects of road management alternatives on timber
programs is a site-specific problem, depending on the road system that exists, the road
management alternatives examined, and the condition (age, volume, and so on) of the
harvestable timber stands affected by the alternatives. For example, areas of mature
forest stands in nonreserved land allocations may be most affected by near-term
changes in the road network.

Conclusions—Roads and timber-program issues have been much studied, including
attention to the ability to trade off more intensive management on the roaded parts of
national forests with the unroaded portions. The ability to address immediate effects
(say, for the next fiscal year) is very high, but beyond several years, the ability to pre-
dict effects greatly diminishes because no opportunities are available for mitigating the
effects of changes in sale location or design. Finally, economic effects tied to changes
in timber flows are very real. Roughly 10 direct jobs are generated for each 1 million
board feet of harvest from national forests in the West. In addition, payments in lieu of
taxes account for significant parts of local government funds in much of the rural West.

From a planning perspective the ability to examine tradeoffs in road system alternatives
is moderate. Examinations into the theoretical complexity of road network planning prob-
lems have led to the development of planning models designed for integrating road de-
cisions with land management decisions (Bettinger and others 1998; Jones and others
1986, 1991; Nelson and Brodie 1990; Sessions and Sessions 1997; Weintraub and
others 1994, 1995; Zuuring and others 1995). These models are particularly useful for
measuring tradeoffs among the quantifiable management benefits and costs associated
with changes in the road network. Not all issues relevant to a decision can be ade-
quately quantified, however, because the output or response relations are not known or
are just being developed. For example, the response variables can be complex and may
depend on activities in adjacent stands (see Bettinger and others 1998). In addition to
the complex planning model, data development (both geographic information system



46

[GIS] and associated tabular inventories) is one of the main challenges. The ability
to collect and use GIS data as well as the attributes of a road system (and related
resources) is evolving and, over time, analyses now based on current data will pro-
gressively become more precise and accurate.

Issues—A variety of products harvested from the abundant biotic resources of the
North Temperate Zone forests are being transformed into medicinals, botanicals, deco-
ratives, natural foods, and a host of other novel and useful products. These renewable,
vegetative natural resources harvested for personal or commercial use are called non-
timber or special forest products. Consumer forces, changing social climate, and ex-
panding global markets are contributing to the increasing development of these prod-
ucts as viable economic options for sustaining rural communities. Ginseng (Panax
quinquefolius), goldenseal (Hydrastis canadensis), coneflower (Echinacea
angustifolia), and St. John’s wort (Hypericum perforatum)—all plants found on na-
tional forest lands are major contributors to a multibillion-dollar herbal and botanical
industry. Access to these resources has important economic value to those rapidly
growing industries. Plants harvested from the wild are “wildcrafted” by harvesters from
local communities or contract crews brought in from elsewhere. Particularly for the local
harvesters, who operate under the permit system of various public and private land
ownerships and who often have low income, access by road to the resource becomes a
critical cost factor. In addition, roads create openings important to maintaining diverse
species in abundance. How roads will affect the survival and sustainability of nontimber
forest products and how access to nontimber forest products will be influenced remain
important issues. Both issues are important to the people and communities that already
depend on these herbs, shrubs, lichens, fungi, algae, and micro-organisms as part of
their economy.

In 1992, the herbal-medicinal market was estimated at just under $1 million and growing
at a rate of 13 to15 percent per year (Mater 1997). Traffic USA, a program of the World
Wildlife Fund that monitors commercial trade in wild plants and animals, estimates an-
nual retail sales of medicinal plants in the United States in 1997 at $1.6 billion and rising.
Of the 25 top-selling herbs in U.S. commerce (Brevoort 1998), more than 50 percent
are included in the 1,400 plant species found and traded in the United States. Moss and
lichens, harvested extensively from public forest lands and exported to worldwide mar-
kets, were valued at more than $14 million in 1995 (Vance and Kirkland 1997). Demand
is increasing for huckleberries and mushrooms, important foods harvested for commer-
cial and personal use. In 1995, less than 1 million pounds of the matsutake (Tricholoma
magnivelare) mushroom were harvested, but in 1997, in one 8-week period, 1.2 million
pounds were harvested, which provided the Forest Service with $365,935 in revenue
from permit sales (Smith, n.d.). Floral greens are an important mainstay for several
markets in the Pacific Northwest. A 1989 study (Schlosser and others 1991) showed
that the total value of floral and Christmas greens earned $128.5 million in product sales
with about $48 million paid to harvesters, which supported the employment of about
10,000 people and about 675,000 acres in production west of the Cascades. On a
single ranger district (Hood Canal Ranger District, Olympic National Forest) from
February 1996 through February 1997, 1,500 permits were sold for commercial har-
vest of greens, bringing in revenue of $63,835. Christmas boughs have continued to
increase in demand, and by 1995, harvest in the Pacific Northwest was approaching
20 million pounds per year (Savage 1995).

Nontimber Forest
Products
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Findings—Market growth is documented (Mater Engineering 1992, 1993a, 1993b).
Collection activities permit information, environmental and other assessments, and
maps with roads indicated are part of the written procedures and permitting instructions
at forests and districts affected by special forest products. Costs of harvest are recog-
nized as a factor in permit prices, and they influence contract bids in these assess-
ments. Market value is related to cost; increasingly difficult access as plants become
scarce may be factored into market value. An assessment in the Southern Region
(Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North
Carolina, Oklahoma, Puerto Rico, South Carolina, Tennessee, Texas, Virgin Islands, and
Virginia) identified dozens of plants and products for which free use and commercial
permits are issued. Illegal collection is considered a problem in many areas, and some
documentation exists in Oregon with the Bureau of Land Management, Forest Service,
and state enforcement personnel. Although not explicitly, roads play a role in illegal
taking, as well as in monitoring harvest activities. Other reports and inventories have
maps indicating roads that offer access to nontimber forest products and often act as a
means of pinpointing the desirable harvesting areas. For example, in the special forest
products inventory (Karen Theiss and Associates 1996) created for Trinity County,
California, roads were used extensively to describe how to find areas where wildcrafters
could harvest a particular species.

Reliability, confidence, and limitations—Much of the documentation that relates to
special forest products can be found in forest and environmental assessments and in
recent reports and papers published in journals and books (Molina and others 1997,
Savage 1995, Thomas and Schumann 1993, Vance 1997). In some of these docu-
ments, roads are addressed directly about use and compliance with reciprocal agree-
ments where they are in effect. Historically, special products have been administered
as a byproduct of timber contracting and road building. The same benefits accrued by
recreational collectors of mushrooms, berries, and so on in those areas also could be
enjoyed by commercial harvesters. No formal documentation of these benefits going to
commercial harvesters is available. Note that some states (e.g., Oregon) require anyone
transporting any such product, including firewood, on public roads to have a legal per-
mit or bill of sale.

Generalizability—Generalizing the need for roads or road decommissions for non-
timber forest products is impossible. Some populations of harvestable species will bene-
fit from the disturbance caused by building and maintaining roads, and other popula-
tions will be harmed. Although enforcement of illegal harvest might be hampered, so
would legal harvest. But market forces adjusting for reduced harvest (product scarcity)
is unpredictable, and whether any increased value would be transferred to the harvester
is not known.

Secondary links—Habitats and plant community structure of some commercially har-
vested species are linked to roads. From an assessment of 45 commercial species in
Oregon, 30 percent can be found in openings and along roadsides. It also is well known
that certain species require undisturbed mature forest and would not benefit from the
gaps and disturbance caused by roads. Because of the specific habitat requirements
of, for example, wild ginger, pitcher plants, and shade-loving mosses, roads would not
directly benefit these plants. Some of these species are listed as sensitive, and ready
access threatens their survival. Documentation exists for habitat requirements of almost
all commercial plants and fungi. Other habitat concerns are related to maintaining roads.
A special forest products inventory created for Trinity County, California, suggests that
harvesters stay away from roadsides because some Bureau of Land Management and
Forest Service districts routinely spray herbicides and pesticides.
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Communities and sustainable economies—Many rural areas need more sustainable
and diversified economies, for which they may require assistance. The Forest Service
recognized this need and developed economic action programs aimed to help com-
munities strengthen their local economies through a range of forest-based resources,
including nontimber forest products.

Conclusions—Information on habitat requirements for many of the commercial species
is available, and retrospective studies may show how road closures affect species com-
position; for example, in the prevalence of native versus exotic species (Parendes and
Jones 2000). Developing appropriate policies and implementing them for most special
forest product species would benefit from information and models that predict regional
and general effects from building or closing roads on the species’ harvest and sustain-
ability. Information on the economic effects on various components of the industry—
from harvester’s overhead to product price—is needed. These questions must be an-
swered to determine how building or decommissioning roads would affect the sustain-
ability of particular commercial species and hence the sustainability of the economies
reliant on them.

The effects of roads on the economic, social, and biological factors and their effects
outlined above need to be documented. Although roads are generally recognized as
major components of recreational and commercial-harvest activities that affect hundreds
of species in the national forests, systematic studies that integrate these components,
much less any individual component, have not been carried out. Only fragmented in-
formation on these biological resources, products, uses, values, and habitat considera-
tions is available. Case studies will provide information on local or regional scales, but
a comprehensive model of the relation of roads to special forest products nationally re-
quires a comprehensive special forest products database. In addition, an integrated
strategy for special forest products that addresses community and resource sustain-
ability together would benefit from targeted and integrated research-based information.

Issues—According to the 1995 draft RPA program, about 46.2 million acres of national
forest lands are considered suitable for livestock grazing. Producing livestock can be an
important part of local economies, and livestock grazing is deeply rooted in the culture
of the American West and sanctioned by legislation. Grazing was first authorized on
national forest lands by the Organic Administration Act of 1897 and confirmed by many
later appropriations acts (USDA FS 1989). The Public Rangelands Improvement Act of
1978 reinforced a national policy that public rangelands were to be “managed...so that
they become as productive as feasible for all rangeland values.” The network of roads
on national forest lands has both positive and negative effects on rangelands and the
administration of the grazing program. Roads have mostly replaced driveways as a
means for transporting sheep and cattle to and from mountain allotments. As a result,
these driveways have dramatically improved in rangeland health. Until the 1970s, live-
stock driveways were considered “sacrifice areas” in the range-management discipline
(Stoddart and Smith 1955). Thus, national forest roads can promote ecosystem man-
agement objectives along alternative transportation corridors, which they replace. Roads
can simultaneously lead to ecosystem changes that reverse rangeland management
objectives, however, and increase the administration of the range management program.
Administratively, national forest roads allow range conservationists to access allotments
quickly by using vehicles rather than horses. But the same roads can produce conflicts
between users of the national forests, such as between livestock grazing and recreation
interests. And roads can reduce permittee operating costs by providing motorized
access to allotments.

Grazing and Rangeland
Management
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Findings—Essentially no scientific information exists that analyzes the ecological,
administrative, or economic effects of roads on administering the Forest Service range-
management program. Preliminary unpublished analyses from the interior Columbia
River basin ecosystem management project addressed the road issue from the perspec-
tive of ecological responses to the presence or absence of roads. The analyses found
correlations between changes in vegetation composition, riparian functioning, and fire
regimes and the presence of forest roads. They could not conclude any cause-and-
effect relations from these correlations, however. The program also found higher road
densities to be associated with diminished ecological integrity, including those based on
range criteria.

To assess the importance of national forest roads for administering the grazing pro-
gram, as well as their economic value to permittees, an ad hoc interdisciplinary team
was formed to provide a nominal assessment. The findings below reflect the input of the
team:

• Roads in national forests are essential for administering the grazing program,
allowing timely access to allotments. Compliance enforcement was mentioned in
particular as an activity greatly benefiting from forest roads. The principal reasons
cited were that agency downsizing has resulted in high workloads for remaining
range conservationists, which does not allow them sufficient time to carry out their
duties; guard stations have been closed; Forest Service personnel no longer have
the option of spending nights in the field in some places; and many allotment plans
incorporate Forest Service roads into their approved grazing system or as drive-
ways to and from the allotment; for example, in the Black Hills, all driveways are
along roads.

• Roads can reduce permittee operating costs by providing motorized access to
allotments. The team estimated that, if all national forest roads were closed, per-
mittee costs would increase by three to five times. These costs would accrue from
increased riding time, cost of horses and riders, and added equipment costs (such
as horse trailers). The grazing program derives benefit from only part of the road
system, however, and if arterial and collector roads remained open, the expected
cost increases would be less, from none to a twofold increase.

• Roads can heighten conflicts among users of national forests, such as cattlemen
and recreationalists, although some evidence shows that concerns about road
conditions actually can cause some forest visitors to slightly, but measurably, shift
their focus of attention from grazing encounters to roads (Mitchell and others 1996).

Reliability, confidence, and limitations—No peer-reviewed studies have assessed the
effects of national forest roads, or roads in general, on livestock grazing or ecosystem
management. The results from the Columbia River basin program are tentative and show
no causal relations. The results of studies examining the influence of roads on forested
landscapes must be carefully extended because the results from studies in Eastern
forested landscapes may not apply to Western forested landscapes (Miller and others
1996). The results of the interdisciplinary-team assessment are heavily weighted to-
wards the Rocky Mountain Region (Colorado, Kansas, Nebraska, South Dakota, and
eastern Wyoming) and thus may not represent a national perspective.
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Generalizations—National forest roads are an important part of range-allotment plans.
Roads are also important for administering the grazing program on national forest lands.
Ecologically, roads may have a negative effect on rangelands; however, the environ-
mental effects of not having roads are unknown. The team concluded that closing some
roads would be acceptable from the perspective of managing the grazing program if the
process was systematically evaluated first.

Secondary links—Effects of roads on spread of non-indigenous weeds (biological
invasions), wildlife-livestock interactions, and recreation-grazing interactions (particu-
larly with four-wheeling interests) are important.

Conclusions—No science-based information was found on how national forest roads
affect livestock grazing. Many questions remain, including the cost of closure to per-
mittees, and the effects of road closure on administering range management programs,
including the weeds program, and on compliance.

Issues—The road-related issues associated with energy and mineral resources fall into
three overlapping categories: access rights, property rights, and benefits and negative
effects. The extractive industries want, and have certain legal rights to, access to public
lands to explore for energy and mineral deposits. The access may be on existing forest
roads or may require building new roads. The Forest Service road system facilitates
providing energy and mineral resources extracted from public lands, which can benefit
society. The negative environmental effects of roads used in support of nonrenewable
resource extraction are covered in the earlier sections of the synthesis. Mineral devel-
opments and oil fields in and of themselves can affect the environment negatively, such
as by loss of habitat, increased noise, and added particulate emissions in the air and
water, but these effects can be attributed only secondarily to roads; that is, without the
road, mineral development might not have taken place.

These issues are a consequence of the inherent nature of the resources and their treat-
ment under existing law. The defining characteristic of energy and mineral resources is
nonrenewability; energy and mineral resources are finite, so extraction inevitably leads
to resource exhaustion. Depleted deposits must be replaced either through domestic
exploration and mine or field development or through importation. In many places, na-
tional forest lands are underlain by deposits of nonrenewable resources, some of which
are privately held, that make demand for access inevitable.

Federal law and Forest Service policy clearly support exploration for and extraction of
resources from public lands. Leasable resources (that is, metallic minerals found on
acquired lands and all energy resources) are managed under the Mineral Leasing Act
of 1920. Locatable minerals, primarily the metallic ones on public domain lands, are
managed under the Mining Law of 1872. Saleable minerals (that is, common varieties
such as gravel) are managed under the Mineral Materials Act of 1947. These laws
predate the National Forest Management Act of 1976 and the Multiple Use Sustained
Yield Act of 1960.

Findings—Under the Mining Law of 1872, U.S. citizens and firms have the right to ex-
plore for and stake claims to selected minerals on all public domain lands not specifi-
cally withdrawn from mineral entry. Claims are valid in perpetuity or can be converted to
private property rights (that is, patented) assuming that appropriate legal requirements
are fulfilled. The Forest Service cannot unilaterally deny exploration access to national
forest public domain lands, although the agency does have the right to withdraw specific
areas from further mineral entry. The agency cannot prevent staking of a claim on these

Energy and Mineral
Resources
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lands, and a claim holder is entitled to use the surface for activities attendant to explor-
ing for, developing, and extracting minerals, within the limits set by federal, state, and
local environmental laws. The agency cannot block an otherwise legal patent (that is,
deny a claim holder the right to convert the claim to private property). The Congress
can, and has, placed a moratorium on new patents, but the moratorium could be lifted
in the future. In any event, hundreds of thousands of patented and unpatented claims
are already held within the administrative boundaries of the national forests.

The Forest Service has considerably more control over the location of exploration and
development activities for leasable minerals than it has for locatable minerals. For na-
tional forests and grasslands with completed oil and gas leasing EISs, petroleum ex-
ploration activities are restricted to areas designated as appropriate in those documents.
The regions also are taking an active role in directing access for leasable minerals. For
example, the Northern Region is attempting to restrict oil and gas exploration to areas
relatively near existing roads. This approach is not without potential for controversy,
however. Decommissioning of roads could be perceived as a de facto withdrawal of the
adjacent lands from exploration. The circuit courts are split on the question of whether
failure to offer lands for lease is tantamount to withdrawal.

The Forest Service is required by law to provide reasonable access to valid existing
mineral rights, regardless of their form, whether unpatented claim, lease, or private
property, as a patented claim or subsurface mineral right. An unpatented claim is an
implied property right that can be held, sold, or inherited, and access is regulated under
the Mining Law of 1872. Patented claims are private property, and access is regulated
under the Alaska National Interest Land Conservation Act of 1980 (ANILCA). Coal, oil
and gas, and mineral leases also offer a limited form of property right. The rights to
individual energy and mineral resources may be held by different legal entities, and the
mineral rights may be severed from the surface, which is termed a “split estate.”  Ac-
cess to unpatented inholdings, patented claims, leases, and severed mineral rights can
be restricted but seldom denied. Access may be by the existing road system or require
new roads. The Forest Service is neither required by law nor expected by industry to
build or maintain energy and mineral access roads. Roads built for other reasons (for
example, in support of recreation development) might be paid for by the Forest Service
but also be used by a mining or energy firm. The firm is always required to maintain the
road or to pay for road maintenance called for by their activities; they frequently pay
through a reimbursement arrangement with the agency.

The Forest Service can affect the location and design of roads built on national forest
lands to support energy and mineral activities. In addition, the agency can sometimes
place stipulations on access by limiting road use to certain months, permitting aerial
access only, or precluding surface occupancy. Constraints that are unduly expensive to
fulfill or so restrictive as to make an otherwise economic mineral deposit uneconomic,
however, might well be perceived as denying reasonable access. Temporary roads often
are built to facilitate energy and mineral exploration activities. Building plans are subject
to review and approval by the agency. If no discovery is made, the exploration firm ob-
literates the road. Otherwise, the road could be upgraded to permanent status, depend-
ing on the circumstances and legal authority. Public use of the road might sometimes be
limited because road condition acceptable to the mineral industry might be neither ac-
ceptable to, nor safe for, the general public. In addition, other means of access, partic-
ularly for exploration, do not require roads, including access by helicopter, foot, horse-
back, and all-terrain vehicles.
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The energy and minerals industries use the existing road system in exploration, devel-
opment, extraction, and reclamation activities. Only a small portion of the entire road
system is affected in any given year, but assuming use of most roads over the long term
would be reasonable. Designating a subset of the existing road system as having no
future benefit to the industry is not feasible because geographic targets for exploration
and development change in response to technological advances and market fluctua-
tions. Limiting mineral exploration access to areas where minerals have already been or
are being extracted could preclude future discoveries. Road closures or decommission-
ings are controversial. Firms wanting to rebuild obliterated roads could face long delays
because of the lengthy approval process now in place for building new roads. Such
delays could disrupt multiyear exploration and development plans and financing.

The energy and mineral resources produced from national forest lands are essential to
the manufacturing, farming, building, and power-generating industries, with a value of
$4.3 billion in 1995. Forest Service production represents only a small part of the total
value of U.S. production, however. For example, the value of copper produced on na-
tional forest lands represents only 1 percent of total U.S. copper. Sometimes, production
from national forest lands is a significant percentage of domestic production; national
forests produced 80 percent of domestic lead in 1995. Significant amounts of coal and
molybdenum also are produced from national forest lands. These contributions to the
domestic economy are made possible by use of the forest road system.

Reliability, confidence, limitations, and generalizability—Some case law on energy
and mineral access and property rights can be applied more broadly than to the spe-
cific litigation reported in it. And for certain situations, existing case law, statutes, and
regulations clearly demonstrate the right to reasonable access for existing mineral
rights. In numerous other situations, however, the right to access for energy and mineral
exploration and development is less clear-cut. Unresolved access issues are associated
with both ANILCA and Section 8 of the Lode Law of 1866 (R.S. 2477), which granted
right of way across unreserved public domain lands. Considerable debate continues on
the degree to which this right has been modified by subsequent legislation.

Secondary links—Roads built to provide access for energy and mineral exploration
and development often are heavily used for other purposes. Secondary links can be
found to recreation, species endangerment, biological invasions, and many other areas.
The effects from energy- and minerals-related roads and road usage are comparable to
those of other roads in the Forest Service system built to the same specifications and
carrying the same types and amount of traffic. Unpaved Forest Service roads frequently
are topped with a layer of aggregate or crushed stone, and the material often has been
extracted from Forest Service lands. Thus, the extent of the road system also has im-
plications for the volume of aggregates extracted; fewer miles of road built and main-
tained implies fewer tons of aggregate and crushed stone extracted.

Conclusions—The legal issues surrounding energy and mineral road access and
usage will require the input of the Office of General Council: Pamela Piech (202/720/
2515) is an expert on the Mining Law of 1872; James Snow (202/720/6055) is an expert
on RS2477 and ANILCA. Little or no research has been published on the secondary
links associated with energy and mineral road usage. One key area for future nonlegal
research is to determine the landscape-scale effects of energy and mineral develop-
ment; for example, extensive oil-field road networks may lead to habitat fragmentation.
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Another need is to determine exactly which roads are currently being used for access
to explore, develop, extract, and reclaim. Quantifying the effects on road condition of
nonrenewable resource activities by number and size of vehicles is also important, and
another management need is to identify the roads leading to or adjacent to valid existing
mineral rights.

Issues—Almost all the different types of public recreational uses of national forests de-
pend in one way or another on roads for access. Whether, when, and where various
recreational uses occur depend on the availability of access to, and the extent and
location of, the road system. Altering this system is likely to have widespread and dif-
fering effects across different types of uses. In considering the future of roads on
national forests, the general question is, “What are the direct, indirect, and secondary
effects on recreation from possible changes in national forest road systems?” More
specifically, “What are the direct effects of changing the class, spatial density, ecolog-
ical distribution, maintenance, and total mileage of national forest roads on the density,
placement (ecologically and socially), mix, economic value, experience quality, and
amount of recreation uses?” As well, “What are the indirect effects on access to views
of natural scenery and on the quality of scenic resources, and what are the secondary
effects on the economic and social viability of communities in the area and the condition
of the forest ecosystem?” Answers to these and many other questions are needed as
input when national forest road policies are considered and in seeking to optimize net
benefits across multiple roads.

Findings and hypotheses—The relations between roads and recreation on national
forests is highly complex and includes many direct, indirect, and secondary links that
are not well understood. Research findings specifically addressing these links are
limited and uneven across the questions we have posed. Indirect evidence and related
research provide the following insights and hypotheses:

• Roads provide corridors of access to a variety of national forest sites, settings, and
viewing opportunities for widely diverse users. Almost all recreation use in national
forests depends to some degree on road access. Sightseeing, driving outdoors for
pleasure, and developed camping are examples of activities that directly use roads
as a part of the recreation experience. Backpacking, white-water boating, and
birdwatching are examples of activities usually away from roads, but the user still
must access areas of interest by using them. Altering road systems can disrupt
long-established access and use patterns and, at least in the short run, result in not
meeting visitors’ expectations. Less road mileage or maintenance, or both, can lead
to uneven shifts in recreational opportunities across different user, socioeconomic,
and ethnic groups who depend differently on roads for access.

• Roads provide staging access to remote areas and wilderness, but the presence of
roads can at the same time reduce opportunities for solitude and perceptions of
wildness. The amount, placement, and class of roads are positively correlated with
the amount and concentration of recreational uses. But visible roads, greater
numbers of users, and sounds from motor vehicles can interrupt solitude and per-
ceptions of wildness for wilderness and other backcountry users.

• As demand for forest recreational opportunities continues to grow locally, regionally,
and nationally, even a stable amount and condition of forest roads likely will result in
increased congestion, lowered satisfaction, and user conflicts. Outdoor recreation
trends show recent strong growth in participation across a wide spectrum of activi-
ties and segments of the American public (Cordell and Bergstrom 1991). Projections
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show this growth is likely to continue well into the future for all nature-based activi-
ties except hunting (Bowker and others 1999). At the same time, access to private
lands is continuing to decrease and be limited to lessees and friends of the owners
(Cordell and others 1999). Public lands are likely to be the destinations of choice
for increasing numbers of people looking for high-quality outdoor recreational ex-
periences in natural settings. Several national parks already have limited motorized
access to bus tours or other public transportation as one way to address increased
congestion from private cars. Continued growth in demand without increases in road
systems or limits to use of private cars likely will lead to lowered satisfaction and
more conflicts at the more popular national forests (Tarrant and others 1999).
Changes in satisfaction likely will differ significantly by setting (for example, as dis-
tinguished in the recreation opportunity spectrum [Tarrant and others 1999]). Direct
recreational access, the character of and access to scenic views, and provision of
increasingly sophisticated visitor services (including rescue and medical services)
will depend on the character of the road system in place.

Reliability, confidence, and limitations—Data on national forest use and the relations
of roads to that use are unreliable, but a national project is underway to develop an im-
proved use-monitoring system. Data from the customer project provide insights into user
perceptions of experience quality related to national forest attributes, including roads
(Tarrant and others 1999). Social group differences between users of roaded, near
road, and backcountry settings are available for the U.S. population in general, and to
some degree for national forest users. Science-based methods are available for ex-
amining in more depth the relations between roads, recreational use, visitor satisfac-
tion, and economic values and effects. Little research exists to guide management for
optimizing recreational benefits from roads and globally optimizing multiple benefits
across the broad range of national forest road uses.

Secondary links—Even though increased use (on the same or fewer miles of forest
roads) or changes in the mix of recreational uses, or both, may increase aggregate
visitor spending (and thus general economic effect), the distribution of economic effects
among economic sectors and regions is likely to be altered. The biophysical effects of
recreational use on forest ecosystem conditions are confined mostly to near-road
zones, the site of most use. The biophysical condition of affected sites tends to stabilize
after each successive increment of recreation use, although the resulting condition may
be unacceptable to managers, users, or both. Specific links between recreational use
and conditions of ecological components and links between recreational use and other
resource uses are not well known.

Conclusions—Quantitative and qualitative methods, research underpinning the recrea-
tion opportunity spectrum, and a wealth of related published and unpublished literature
dealing with economic values (Bergstrom and Loomis 1999); secondary economic
effects (Archer 1996, Bergstrom and others 1990); visitor perceptions and behavior
(Tarrant and others 1999; Williams and Patterson, in press), resource and social capac-
ity (Shelby and Heberlein 1986); conflicts, consumption, and future projections of road-
based recreation (Cordell and Bergstrom 1991, Bowker and others 1999, Cordell and
others 1999), and social justice assessment are available. For the most part, however,
existing databases and literature have only indirectly addressed the hypotheses de-
scribed above that deal specifically with the relations between roads and recreation
(for example, Knight and Gutzwiller 1995). Substantial research is needed to better
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understand direct and indirect relations between road-system characteristics, recrea-
tional use, and ecosystem conditions, including issues such as the introduction of
exotics, soil erosion, habitat fragmentation, forest-product harvesting, wildlife disturb-
ance, riparian vegetation, and fire.

Issues—The increasing density of road networks in and adjacent to many forest, shrub,
and rangeland areas has been an important factor in changing patterns of disturbance
by fire on the landscape. Roads provide access that has increased the scale and ef-
ficiency of fire suppression, and roads have created linear firebreaks that affect fire
spread. These factors can be useful in both fire suppression and prescribed fire opera-
tions. In addition, road access has undoubtedly contributed to increased frequency of
human-caused ignitions in some areas.

Findings—That improved road access leads to increased efficiency and effectiveness
of fire-suppression activities is a long-held tenet of fire fighting. Much of the effective-
ness of past fire-suppression policies probably can be attributed to increased access
for ground crews and equipment, particularly under weather and fuel conditions where
fire behavior is not severe. Under the severe conditions associated with intense, rapidly
spreading fires, the value of forest roads for access or as fuelbreaks is likely to be
minimal. Although little has been published in the science literature to quantify these
effects, a study in southern California concluded that the road network had been a key
factor in determining what suppression strategies were used, both in firefighter access
and because roads were widely used for backfiring and burning-out operations (Salazar
and Gonzalez-Caban 1987). Early studies of fuelbreak effectiveness in southern
California came to similar conclusions (Green 1977). Daily costs of fire-fighting activi-
ties unfortunately are of little value in answering the question of how much road access
increases efficiency, because fire-fighting agencies tend to put money and resources
into fighting fires with access, which confounds the results. In spite of this, strong
anecdotal evidence supports this effect.

An important issue in the Western United States is building new roads to allow harvest
and prescribed fire to reduce fuel accumulations in ecosystems where past manage-
ment (principally fire suppression and harvest) have increased the risk of large, severe
wildfires (Lehmkuhl and others 1994). The principal concern here is the tradeoff be-
tween reducing the effects of wildfire and increasing the risks of road effects on aquatic
habitat. In the Columbia basin, scientists concluded that “it is not fully known which
causes greater risk to aquatic systems, roads to reduce fire risk, or realizing the full
potential risk of fire,” and that more research is needed (Quigley and others 1997).
Some potential considerations in setting priorities for forest health treatments have been
suggested in an adaptive management framework for addressing this concern (Rieman
and Clayton 1997). We currently have few data on how these processes might be af-
fected by road networks, although a study after the 1987 Stanislaus fires in California
suggests that cross-slope road networks reduced sediment delivery to debris basins
(Chou and others 1994).

The benefits that roads provide for fire prevention and fire management carry an as-
sociated cost. For purposes of simplicity, we will highlight them here in place of a
second fire section under the “undesirable or negative effects.” Indirect effects of
increased access have increased the role of human-caused ignitions, particularly in
areas of expanding urban and rural development into wildland interfaces (Hann and
others 1997). The high rate of human-caused fires in the Blue Mountains of eastern
Oregon is associated with high recreational use in areas with high road densities (Hann
and others 1997). The importance of human-caused ignitions as an issue may depend
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on what resources are considered of concern. For example, in the Southwest, numbers
of ignitions go up with access, but numbers of ignitions are not limiting to maintaining
fire regimes, but fuel loadings and climatic conditions are (Swetnam and Baisan 1996).
Numbers of ignitions are important determinants of fire risk, however, in areas such as
wildland-urban interfaces for which maintaining historical fire-regime patterns is not the
overriding issue. In addition, numbers of ignitions are important determinants of fire risk
in some wildland-urban interfaces where fire intensities are often higher (such as
chaparral), and active suppression of ignitions by people may be critical to maintaining
historical fire patterns (Conard and Weise 1998).

Road networks have resulted in changes in fuel patterns and fire regimes at the broad
scale. If we accept that road networks have been important in effectively suppressing
fire and that they alter fire patterns on the landscape, then road systems are, in some
sense, linked to changes in fuel patterns and fire regimes. Before fire-suppression
activity in the Western United States, fuels were maintained at relatively low amounts in
dry forest types, with high fuel loads restricted to small, isolated patches (Agee 1993).
As access increased, areas burned by wildfire declined, at least through the 1960s. As
a result of suppression supported by access (in part), fuel accumulations increased and
areas with moderate to high fuel loadings became larger and more contiguous. This pat-
tern of change has been documented for the entire upper Columbia River basin, where
scientists assert that fire suppression has generally been more effective in roaded
areas, which has resulted in roaded areas in the upper basin departing further from un-
altered biophysical templates (as measured by dominant species, structures, and pat-
terns) than have the unroaded areas (Hann and others 1997). Roads (along with other
human disturbances such as clearcutting) contribute to new disturbance patterns at the
landscape scale, both by increasing efficiency of fire fighting and providing barriers
to fire-spread that are different from natural barriers (Swanson and others 1990). In-
creased emphasis on removing roads in certain environmentally sensitive areas will
reduce access for fire suppression and prescribed fires, potentially leading to in-
creased fuel accumulation and fire hazard in some areas.

Reliability, confidence, and limitations—Logic and anecdotal evidence for the conten-
tion that road access increases effectiveness and efficiency of fire suppression efforts
are strong, but quantifying this issue in terms of cost savings or size and severity of
fires is not well documented. The scientific support for the contention that roads serve
as firebreaks is strong, but how important this effect is in controlling the pattern of fire
on the landscape is not clear; the ecological implications of this pattern change also are
not clear. The secondary effect of roads providing access for timber harvest that has
resulted in changing mosaics of fire is strong; the ecological consequences, while
strong, are highly variable. Long-term effects on changing fire regimes in the Western
United States are well documented. Increased access probably leads to increased
human-caused ignitions, but the implications of this increase differ from area to area.
Increased ignitions at urban-wildland interfaces are likely to be a problem, but it may be
unimportant in affecting fire regimes in less-developed landscapes in the West. Building
roads to provide access to reduce fuel in fire-suppressed forests is likely to enhance
this activity, but it may carry added risks to aquatic environments over the risk of fire
alone.

Generalizability—Most of the concerns addressed here apply primarily to the Western
United States. In much of the East, road networks are well developed and relatively
stable because of terrain and vegetation differences. Wildfire interactions are likely to
be similar to those described for the West, but the effects are likely to be significantly
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less. In the Southeast, where use of prescribed fire is widespread, roads are frequently
used as firebreaks. Much of this activity is on private lands, however, and a high pro-
portion of the road network is state and county highways rather than Forest Service
roads.

Secondary links—Fire issues are linked to issues of forest (ecosystem) health and
aquatic habitat.

Conclusions—In general, the importance of roads for providing access and firebreaks
is well established, although literature on cost-to-benefit ratios is lacking; most evidence
is anecdotal. The issue of road access to lessen fire risk and improve forest health in
unroaded areas is heating up, and little published research is available to fall back on
for resolving the debate.

Issues—Among the benefits that roads provide is access for research, timber and non-
timber forest inventories, and monitoring. Although the economic scale of these tasks
may be low compared to some other activities, the knowledge derived may be key for
managing other access-related uses, in addition to the more general objectives sought.
Hence, understanding the relation of roads to inventory and monitoring activities is not a
trivial issue.

Findings—Although finding sufficient data for a complete and wide-ranging analysis is
difficult, the role roads play in inventory and monitoring access (that is, the cost per
plot) can serve as a surrogate for the larger problem. Plot-survey contracts are based
on four categories in which the proximity to roads plays a significant part. For example,
costs run about $600 per plot when roads allow access to within 0.25 mile of the plot
sites. In the same region, cost rises to $1,300 per plot in roadless areas open only to
foot access. In the Pacific Northwest, the nearly 650 wilderness plots, of a total of
11,360 in all terrain, had survey costs only about 23 percent greater ($1,460 per wild-
erness; $1,174 per nonwilderness plot). The data did not permit comparing the cost
difference of road-accessed plots in the Pacific Northwest Region over the montane
sites in the Pacific Southwest Region, however. More extreme conditions are encount-
ered in Alaska, where roadless areas are vast, yet helicopter access is permitted. The
average cost per plot for roadless areas in the Alaska interior has averaged $4,000
per plot for 170 plots. Obtaining good data for comparing areas covered by these
approaches is generally difficult because photo-interpretation based on aerial photo
coverage is used to supplement ground-survey efforts.

Reliability, confidence, and limitations—Problems of access to survey plots for re-
search, inventory, and monitoring will clearly raise costs of operations. The exact differ-
ences can be quantified by taking terrain differences, size of roadless areas, and
means of permitted entry into account. For this study, we used only a few data points
from limited regions to understand the extent of this issue. More comprehensive anal-
yses are possible with existing data, given the resources to do them. The data are suf-
ficiently robust to suggest that the cost elements relating to access constitute a factor in
research, inventory, and monitoring. Whether the magnitude of the contribution of such
uses constitutes a significant economic component when compared to, say, recreation
is not clear, however.

Generalizability—The data examined for this order-of-magnitude approach were taken
from limited observations originating in the Pacific Southwest, Pacific Northwest, and
Alaska, with Alaska representing extreme conditions. Corroboration for the observed
higher cost resulting from the absence of road access was attained qualitatively for the
Eastern Region of the Forest Service.

Forest Research,
Inventory, and
Monitoring
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Secondary links—Access issues have similar aspects whether extraction (such as
timber, mining, and grazing), recreation, inholdings, or related activities are considered.
The links do suggest that coordination of overlapping uses be a variable examined when
road density and road-network planning are considered.

Science-based sources of information have not been found on the relations between
roads and private inholdings. The following propositions are therefore offered as hy-
potheses based on judgment, not scientific findings. These propositions do not neces-
sarily apply to inholdings dedicated to mineral and energy exploration or extraction,
which are covered in “Energy and Mineral Resources,” above.

• The Forest Service is required by law to permit access to private inholdings.

• The Forest Service can require private inholding owners or lessees to comply with
official regulations and standards that apply to building roads on or through national
forest land. The regulations and standards are documented in writing as official
policy, but they are subject to interpretation and application in specific cases by
agency line officers.

• The Chief (of the Forest Service) may consult appropriate national forest policy
offices and line officers about the sources of scientific documentation used in
practice and official regulations, standards, and procedures applicable to roads on
or through national forest lands that provide access to private property.

• In general, the scientific documentation of ecological and human effects of roads on
or through national forest land provided elsewhere in this synthesis applies to roads
that provide access to private inholdings.

• No scientific basis exists for stating propositions about whether the Forest Service
subsidizes access to private inholdings or the effect, if any, of Forest Service roads
on the market, use, and passive-use values of private inholdings.

• The Chief needs inventory information about the type, number, acreage, location,
use, value, and so on of private inholdings on national forest land and the extent to
which private inholdings use national forest roads for access. At present, no
systematic inventory procedure or documentation can provide comprehensive and
valid information of that type.

Issues—A comprehensive understanding of the economic effects of roads in the
national forests must include both effects that can be measured in dollars (market
effects) and those with no direct dollar values (nonmarket effects). The influence and
importance of market values to land management decisions is obvious, and measuring
and comparing effects of management decisions that affect market values are relatively
simple. For example, the cost of building and maintaining a road into a forest can be
readily compared to the income generated from harvesting the timber accessed by that
road. Also important, but far more difficult to measure and compare, are the things
people care about for which no market exists, such as access for hunting, bird watch-
ing, and wilderness experience.

Natural resource economists have invested much effort over the last several decades to
develop and test methods for estimating nonmarket values. The methods can produce
useful information, but they are costly and their validity has not yet been demonstrated
sufficiently to satisfy many economists (Arrow and others 1993, Cambridge Economics
1992, Mitchell and Carson 1989, Portney 1994).

Nonmarket and Passive-
Use Value

Private Inholdings
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Economists generally classify nonmarket values as either active or passive. The term
“active-use value” applies to goods and services used in some activity like recreational
fishing, skiing, or camping. The term “passive-use value” includes two categories
(Peterson and Sorg 1987, Randall 1992): things people appreciate without actually
using them or even intending to use them (like a distant wilderness or an endangered
plant or animal) are called “existence values”; and things people want to remain available
for others (such as their descendants) to use and appreciate are called “bequest
values.”

Environmental economists often define and measure these nonmarket values in mon-
etary terms, but monetary valuation is often not possible, cost-effective, or appropriate.
All nonmarket consequences of national forest roads and of any changes to these roads
must be considered in road management and policy decisions. For example, passive-
use values are likely to strongly affect decisions about preserving areas without roads
or about removing existing roads to create roadless areas. Thus, the nonmarket conse-
quences need to be identified in some way—either in monetary terms or by some other
means.

Under regulations of the Comprehensive Environmental Response, Compensation and
Liability Act of 1980 (CERCLA), as amended, 42 U.S.C. 9651 (c), a United States Court
of Appeals for the District of Columbia ruled in 1989 that passive-use values “...reflect
utility derived by humans from a resource and thus, prima facie, ought to be included in
a damage assessment.” Thus, if Forest Service roads significantly alter passive-use
value, whether positively or negatively, such value needs to be considered in road policy
and management decisions. Failure to include these nonmarket values in an economic
evaluation, when such values are judged to be important, presents the manager with
biased information that could lead to inefficient and unfair allocation of resources.

Significant questions: Under what conditions do people assign passive-use value to
national forest landscapes or their attributes? Forest Service officers responsible for
road policy and management need to know the forest landscape conditions to which
people assign passive-use or other nonmarket values, how such values differ among
individuals and groups of people, the strength or significance of the value assigned, how
changes in the landscape affect the nonmarket values, and how such values trade off
with other forest-related values assigned by affected people.

Do Forest Service roads, road policies, or road management actions strongly affect
passive use and other nonmarket values? If so, how and why? A related question is
whether the effects of roads on nonmarket values affect people differently and differ by
landscape. For example, if the supply of landscape that provides passive-use value is
sufficiently large in a given region, small increments of road building or decommis-
sioning may not affect people very much. Many small encroachments could produce
severe cumulative effects, however.

Findings—People do assign passive-use value to natural resources, especially road-
less areas and natural areas with unique characteristics. And the passive-use value
often exceeds the active-use value served (or potentially served) by road access
(Bengston and Fan 1997; Brown 1993; Driver and others 1987, 1996; Payne and
others 1992; Walsh and others 1984, 1990).

Building roads in roadless areas may reduce passive-use value significantly; decom-
missioning roads may increase such value. Building roads into roadless areas may
serve values that require such access, however, and decommissioning roads may
obstruct values and uses that require access. Decisionmakers need to consider all
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these tradeoffs. Individuals and affected groups often disagree aggressively about the
passive-use value of specific roaded and roadless areas and the effects of building or
decommissioning those roads (Bengston and Fan 1997). Thus an equity (or distribu-
tion) question must be considered: Whose desires should the Forest Service fulfill when
stakeholders’ values conflict? What criteria should be used to decide among them?
What approaches can be taken to resolve the conflict?

The effects of roads on passive-use value differ by location and circumstance. Dif-
ferences in the quality and uniqueness of landscapes modify passive-use-value effects
from building or decommissioning roads. The relation between supply and demand
also will affect the extent and strength of a passive-use value. For example, if many sub-
stitutes for a given roadless landscape exist, building a road in that area may have little
or no effect on its passive-use value, just as the hunter’s killing of a single elk does not
reduce the passive-use value of elk because the species is still abundant. Likewise, if an
abundance of roads are provided to resources that people want for active use, decom-
missioning or closing one road will have little effect. People with strong attachments to a
special place, use, or road may suffer loss, however, unless they can find and adapt to
a substitute.

Validly and reliably measuring changes in passive-use and other nonmarket value is
costly and can sometimes exceed the cost of being wrong. Managers of national forest
roads must understand such values, however, and the circumstances under which they
are significant decision factors, to assure that the values can be included where appro-
priate. A survey-based method called contingent valuation (contingent valuation gen-
erally uses surveys or interviews to determine how much people say they would be
willing to pay for some nonmarket good) that asks people to state their willingness to pay
for nonmarket values can provide a useful indication of relative magnitude, but applying
it to passive-use value of public goods is where the method is most vulnerable to flawed
results, criticism, and controversy. Studies must be designed and applied carefully and
the results interpreted cautiously. Other methods, such as value juries (Brown and
others 1995), focus groups, public hearings, and other forms of public participation also
can provide useful information. Quantitative measures should be taken only when the
scale of the problem justifies sufficient investment for scientifically rigorous results.

If fully and correctly disclosed, the cost of opportunities foregone by preserving a
roadless landscape can serve as the price to be paid for the values served by preser-
vation. Preserving a roadless area may sometimes cause an opportunity cost in the
form of alternative uses foregone, such as timber harvest, developed recreation, or fire
suppression. If the opportunity cost has been fully disclosed to the decisionmaker, a
decision to preserve a roadless landscape is a policy acknowledgment that the value
created exceeds that opportunity cost. In a decision about whether to designate an area
as roadless, opportunity cost can sometimes serve as the price to be paid for whatever
values, including intangibles, are served by the designation. Stakeholders and decision-
makers can then decide—by judgment, negotiation, or analysis—whether the gain is
worth the price (Bell 1996; Fight and others 1978, 1979; Randall and others 1979).

Reliability and degree of confidence—The scientific literature supports the general
propositions that roadless natural landscapes and unique natural features and resources
generate passive-use and other nonmarket values; that such values differ among indivi-
duals, groups, and landscape conditions; and that disagreement about nonmarket value
fuels conflict. Legal precedent also validates policy concern. The effects of roads on
passive-use and other nonmarket values have not yet been studied extensively, and
the validity and reliability of methods for measuring the necessary values are still
questionable.
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Generalizability—No science-based procedures, analytical methods, formulas, tables
of values, or handbooks are available for applying the general principles we have out-
lined to specific decisions or to transfer measured values from one place to another.
Each project-scale decision requires original human-dimension inventory and assess-
ment techniques, either by technical measurement or through public involvement. Man-
agers making decisions on whether to build or remove roads in specific places always
need to consider the principles and questions defined in the findings section. Roadless
areas may have significant passive-use and other nonmarket value, depend-ing on the
people affected and the availability of substitutes, but obtaining the required information
requires original inventory and assessment for each decision. Expensive procedures
may not be appropriate where the scale of the problem does not justify the cost.

Research in progress is exploring nonmarket active-use-value transfer (that is, general-
izing by formulas and tables) among different site-specific situations. The results thus
far are encouraging but not conclusive, although they may offer useful guidance in
some situations (Rosenberger and Loomis 2000). We are not aware of any similar work
on passive-use-values.

Secondary links—Passive-use value affects public attitudes toward the Forest Service
as well as public willingness to accept and support proposed forest policies and plans.
Roads and roadless areas sometimes take on symbolic meaning in the broader context
of environmental concerns about such things as biodiversity, pollution, and ecosystem
health. Passive-use value associated with symbolic issues triggered by changes in road
distribution can be an important cause of conflict and litigation.

Conclusions—Extensive scientific evidence exists on passive-use and other non-
market values in general and on applying them to unique natural environments, environ-
mental accident damage assessment, and sensitive species. Little scientific evidence is
available on the relations among roads, roadless landscapes, and passive-use value,
however. Published studies demonstrate that people often do assign significant passive-
use value to natural areas, including roadless ones, in specific places (Bishop 1978;
Brookshire and others 1986; Carson and others 1999; Cicchetti and Wilde 1992;
Ciracy-Wantrup 1968; Crowards 1997; Farmer and Randall 1998; Freeman 1993;
Krutilla 1967; Krutilla and Fisher 1975; Loomis and White 1996; Mazzotta and Kline
1995; Morton 1999; Walsh and others 1984, 1990). National forest roads can be an
important cause of ecological degradation. Under the right conditions and taken to-
gether, those studies also imply that national forest roads can cause a significant loss
of passive-use values. The actual effect on passive-use value will be specific to the site
and situation, however; the only refereed studies we found that document the specific
relation between roads and passive-use value are Brown and others (1996) and Champ
and others (1997). Rosenberger and Loomis (2000) compiled a comprehensive tabula-
tion of nonmarket recreational values, including a bibliography of 162 studies.

Additional studies are needed to test hypotheses or estimate parameters that apply to
specific decisions. General methodological and theoretical research not specifically
focused on forest roads is ongoing in several disciplines, including environmental
economics, sociology, psychology, political science, and anthropology. Several ap-
proaches are being pursued, including social and psychological surveys, ethnographic
studies, methods for effective citizen participation, focus groups, citizen and value
groups, and monetary valuation. The needed and ongoing research is long term, how-
ever, and must not delay making decisions in the short term, based on the best available
current knowledge.
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Issues—In addition to satisfying the American penchant for sightseeing by car and
other forms of recreation requiring auto travel, roads and their features themselves
sometimes have heritage value because of historic significance or architectural fea-
tures. Roads also may affect areas considered sacred by American Indians or other
religious groups. These issues can affect the legal and political framework for Forest
Service road policy and management because important historical, social, and cultural
values are often part of developing, maintaining, or decommissioning roads. Forest
planning for transportation and for individual roads should incorporate information on
heritage and cultural values for both roaded and unroaded areas.

Findings—Roads and associated features are part of the history of the nation. Some
features are significant for their association with exploration and settlement, others for
accomplishments in engineering, and still others for reasons of local history and culture.
Roads and other transportation features figured prominently in the early nonindigenous
settlement and development of the nation. Roads that were or are significant in this way
include early Spanish roads, such as El Camino Real (the Royal Highway) in California
and New Mexico; those that follow the routes of American Indian trails (Davis 1961);
military roads such as Cook’s trail, which crosses the forests of northern Arizona (Scott
1974); and some early routes established for commerce, such as the Santa Fe Trail,
which crosses the Cibola National Forest. Given their historical role, such roads (many
still in use) often are eligible for the National Register of Historic Places. Of equal im-
portance, historic roads often have special meaning to people who live near them or
have used them. Route 66, for example, which crosses the Kaibab National Forest, is
considered historically valuable for its role in establishing regular, all-season east-west
automobile transportation to California (Cleeland 1988, 1993).

Features forming part of or associated with a road may be historically or culturally val-
uable for their own merits (Fraser 1987). Bridges and other features built by the Civilian
Conservation Corps often are fine examples of engineering and considered eligible for
the National Register of Historic Places (Throop 1979). Many such bridges are on For-
est Service roads. Roads also may have heritage value as part of a cultural landscape,
such as the landscapes associated with homesteading, ranching, or logging. Even road-
side advertising can have local cultural significance, such as the hand-painted message
along an abandoned highway in the Cibola National Forest that claims “Curandera cures
all.” The National Park Service and the U.S. Committee of the International Council on
Monuments and Sites recognized the heritage value of transportation corridors in a
conference held in 1993 (USDI 1993).

Building, maintaining, and decommissioning roads can affect historical and cultural
values. Roads often directly affect historical and archaeological sites. Building, main-
taining, or decommissioning roads can damage or destroy archaeological sites (Spoerl
1988) with earthmoving equipment used on buried and surface remains, such as struc-
tures and other cultural materials. Roads also affect sites indirectly by increasing ero-
sion or by making sites accessible to vandals. Less tangibly, but no less important,
roads often affect areas that American Indians consider sacred, may limit their ability to
conduct ceremonies that require privacy, and may even diminish the sacred qualities of
such places. Building new roads, or adding to existing ones, can affect sacred areas
that may qualify for the National Register of Historic Places as Traditional Cultural Prop-
erties (Parker and King 1990). The Cibola National Forest has recently been in litigation
initiated by Sandia Pueblo over plans to rebuild a road through Las Huertas Canyon in
New Mexico. The pueblo claims that the canyon is eligible to be a Traditional Cultural
Property. A larger issue in this case is that the road and the traffic it brings affect use of

Heritage and Cultural
Value of Roads
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the area for pueblo ceremonies. In northern California, similar issues surrounded the
case of the Gasquet-Orleans Road on the Six Rivers National Forest (Theodoratus and
others 1979), which concerned road building and resource extraction in an area that
local American Indians considered sacred. The dispute over this road lasted many
years, and its repercussions continue to be felt.

Generalizability—The findings are partially generalizable to all national forests but not
to all decisions. As with sensitive species, some issues arise where heritage and cultural
values are especially significant. Because of legal requirements and the intensity of
concern among affected stakeholders, however, assessing cultural and heritage values
is essential in every Forest Service decision about building or decommissioning roads.

Secondary links—Inadequate participation in road policy decisions by affected stake-
holders concerned with heritage or cultural values can lead to litigation and political con-
flict. It also can stimulate symbolic opposition to the Forest Service on other fronts that
even direct amelioration of the heritage or cultural concerns cannot resolve.

Conclusions—Good information is available on cases encountered by the Forest Ser-
vice; it is generally after the fact, however, and pertains to actions taken to resolve con-
flicts caused by failure to consider the issues early and effectively in policy and man-
agement decisions. Existing information about heritage and cultural values relating to
roads and roadless areas often may not be adequate; ongoing inventories tend to be
project-specific rather than part of the general program. Obtaining information about
sacred places from some American Indian groups is difficult because Forest Service
styles of communication and negotiation often are incompatible with these cultures, and
revealing sacred values and identifying sacred places to outsiders may be thought to
imperil the values in need of protection.

Documentation—Much of the documentation for the heritage and cultural values of
roads resides in administrative documents in the 50 state historic-preservation offices
and the Advisory Council on Historic Preservation.

Issues—Both benefits and costs are associated with building, maintaining, and con-
tinued use of Forest Service roads. Likewise, benefits and costs are associated with
removing existing roads. The issues revolve around whether the good things outweigh
the bad things and what the extent of roads should be in national forests.

Findings—Some economic activity is supported by building and maintaining roads:
economic activity also is supported by decommissioning roads. Analyses for the 1995
RPA program suggest that about 33 jobs economy wide (nationally) are supported per
$1 million expenditure on building and maintaining roads (Alward and others 2000). A
reasonable speculation might be that roughly the same rate of employment would be
supported by removing existing roads and restoring the land underlying them. Road
building and removal represent one-time stimuli to the economy, but maintaining roads is
a recurring stimulus. After a road is removed, the jobs supported by road maintenance
cease.

The major effects of roads on local economies, however, would be expected to result
from the economic activity those roads support by providing access to the national
forest and to communities in or near it. On Forest Service roads, that activity includes
logging, silvicultural operations, and recreation, among others. Also supported is econo-
mic activity that depends on recreation, such as guides, outfitters, and rafting permit-
tees. The roads also provide access for land management and firefighting operations.

Economic Effects and
Development
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Indirect (and approximate) indications of the amounts of economic activity that might be
associated with changes in Forest Service roads can be obtained from several sources.
Reports indicate that timber harvest from national forests supports about 16.5 jobs eco-
nomy wide (in the local area) per million board feet harvested (USDA FS 1996). That
estimate is conservative because it is based on summed local-area models. Recrea-
tional use of national forests supports a range of 1,000 to 2,000 jobs economy wide
(nationally) per million trips, depending on the primary activity, based on analyses
done for the 1995 RPA program (Alward and others 2000, Archer 1996).

Use of public lands, in general, follows roads. In Alaska, for example, intensity of use
by both hunters and nonconsumptive wildlife users follows road corridors (Miller and
McCollum 1997). Further, we hypothesize that more casual users—such as scenery
gazers, picnickers, car campers, and day hikers that constitute the bulk of national
forest recreationists—probably stay closer to the road than do some hunters and
backpackers, the minority of national forest recreationists.

Whenever timber is cut and removed from the forest, roads will be needed; even heli-
copter logging at some point converts to road use by truck hauling. One issue is the
quality of the roads and the length of their lives; that is, whether they are permanent
and remain after timber harvesting ceases, or temporary and closed after harvest. Per-
manent roads are available for other activities over time, primarily recreation and man-
agement activities. Temporary roads are available for timber activity and some incidental
activity during harvest, but when the roads are closed, benefits accruing from those
roads cease. That the cost of maintaining a road over time could sometimes outweigh
the cost of removing it at the end of one timber harvest cycle and rebuilding it for the
next one is at least conceivable. Environmental effects (and cost) of multiple entries and
decommissioning of temporary roads must be balanced against those of a single per-
manent road. Permanent roads cost more to build and maintain than temporary ones,
with increased potential for degrading the ecosystem, but they can result in more bene-
fits over longer periods than temporary roads because of the access they allow.

Roads affect spatial patterns of forest use. Changes in roads change those patterns.
Recreational users are particularly attracted to or driven away from particular areas by
the availability and ease of access. With decreased access to the national forest, some
users might drop out and give up outdoor recreation. Others would shift their use to
other areas, some on Forest Service land and others off. The result would be reduced
economic activity in the locale where forest access was decreased and increased
economic activity in areas where displaced users moved. In general, the effects would
be reversed if access were increased. Sometimes, however, increased access could
lead to decreased use and result in less local economic activity; for example, where new
roads and associated commercial activity degrade a viewshed, which could decrease
visits to view autumn foliage.

Another result of spatial shifts in recreational use could be to concentrate use in areas
to which displaced users move. Concentrated use may increase environmental effects
as well as decrease the quality of people’s experiences. Crowding imposes costs on
existing users in those areas by diminishing the benefits they received from their rec-
reational use because of the inflow of displaced users from areas affected by de-
creased road access.

Anything that affects the demand for and benefits received from recreation and other
uses of Forest Service land has subsequent economic effects, and it may alter develop-
ment because land uses drive local economic activity. Forests and local economies will
be affected differently, depending on the mix of local activities.
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Building or removing Forest Service roads and maintaining existing roads can help miti-
gate ecosystem degradation associated with roads. Note that the tradeoffs are between
the expense of minimizing or eliminating environmental degradation associated with For-
est Service roads and access to Forest Service lands with associated economic activity.

Many roads are or have been funded by the timber program. Benefits accrue from use
of those roads beyond timber, largely for recreation. This contrast presents a classic
problem of joint cost allocation, and the accounting problem of attributing cost should not
be used as an excuse for looking only at specific programs or components of the Forest
Service mission.

The jobs and other economic activity supported by building and maintaining roads must
be balanced against the cost of building and maintaining those roads, including costs
resulting from choosing not to maintain selected roads. The question is, do the benefits
associated with the roads, both direct and indirect from all sources, justify the cost in-
curred by society, including costs of increased ecosystem degradation from deferred or
inadequate maintenance? Reports like this one can provide information on a wide var-
iety of benefits and costs, but answering the question just posed is a policy decision.

Reliability, confidence, and generalizability—Analyses done for the 1995 RPA pro-
gram provide a broad picture of national effects that can be expressed as averages
and rates per unit of activity. They are not site-specific studies, and they do not esti-
mate the effects on local areas. A few recreation-demand studies based on specific
sites and regions provide corroborating evidence of the qualitative results (English 1997,
McCollum and Miller 1994, Miller and McCollum 1997). The transportation literature con-
tains some studies on roads and development (Berechman 1994, Broder and others
1992, Rephann 1993, Rietveld 1994), but those studies are mainly about highway sys-
tems, and though we expect their conclusions to be qualitatively relevant to the types of
roads administered by the Forest Service, some attributes of Forest Service roads are
so different that creating a complete picture is impossible. A primary gap in knowledge
is understanding the links between policy or management actions and their effects on
forest-based activity (both in the amount of activity undertaken by users and in the
benefits they receive), especially for recreational and noncommodity uses. Changes
in road availability and quality affect whether and how much users access the forest
in particular areas. Road availability and quality also affect the quality of users’ expe-
riences, and thereby affect the benefit they receive. No access or access on a poorly
maintained road, for example, could decrease benefit for some activities but have little
or no effect on others. We did not find any activity-specific studies documenting the
direction and size of such effects. Those factors are relevant because they drive de-
mand for access to Forest Service land and the local economic activity associated with
use of these lands.

Further gaps in knowledge exist on the distributive effects of new or improved and
degraded or removed roads on forest use in local areas and on local economic activity.
To what extent do the existence or lack of Forest Service roads, and their condition, at-
tract or drive away users pursuing particular activities? The general development litera-
ture provides some insights and qualitative expectations for Forest Service roads, but
empirical findings on the likely size of the effects are absent.

Conclusions—Empirical estimates are not available to document the size of the eco-
nomic contribution of recreation-dependent commercial activities like guides, outfitters,
and rafting permittees. Also missing are empirical estimates of benefits received from
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and economic activity supported by specific recreation activities in specific areas.
Estimates are often obtained from national studies or site-specific studies in other areas
and blindly applied to areas being analyzed.
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This section draws from the analysis in the main document, with interpretations relevant
to roadless and unroaded areas.

Managing and maintaining existing forest roads has not kept pace with either the shift-
ing balance of forest users or the increased scientific understanding of the ecological
effects of roads. In particular, entry into roadless areas merits consideration of both
benefits derived and risk of unacceptable impacts. Thus, managing for roadless area
protection consists of positive steps such as providing for habitat conservation areas,
watershed protection, critical habitat protection, contingency or passive-use values, and
related land stewardship objectives. It also consists of restricting actions that may con-
tribute to deteriorating environmental integrity, such as stand-replacing fires or large-
scale insect outbreaks.

Questions affecting roadless areas include:

• Are significant and important social values associated with the existence and
protection of wilderness and roadless areas?

• Does a road network in itself pose a risk to the integrity (as defined in the interior
Columbia River basin study) of roadless forested ecosystems?

• Do roadless areas make substantial contributions to maintaining biodiversity and
desirable habitat characteristics?

• Can roadless areas stay intact without management efforts that are facilitated by
roads (for example, fire prevention, disease and pest control)?

• Does creating new roads in roadless areas have overriding benefits that outweigh
the potential ecological costs?

Existing and perhaps new science information may be needed to assess some or all of
the questions posed. In addition, methods from the social sciences are available to con-
duct surveys and assessments of public perceptions, values, and beliefs to determine
the values that roadless areas hold in the mind of the public. This summary of existing
information is an attempt to identify the ecological and biophysical characteristics of
large nonroaded blocks of the forest and rangeland ecosystems that would permit con-
clusions about the value of maintaining such landscape features, and to examine the
scientific aspects of a possible rationale for road building in currently roadless areas.

Ecological and biophysical aspects of roadless areas—An approach for providing
the scientific basis of ecological and biophysical value is to summarize the known
information on roadless areas at the landscape or large basin scale and proceed to
smaller spatial scales. Questions that may be asked at the larger scale include the
following:

• Is retention of existing roadless areas an important as part of a conservation
strategy?

• Does the distribution of roadless systems affect the success of conservation
strategies?

• Does the size of individual roadless areas affect the success of conservation
strategies?

One of the few examples of landscape-scale analysis of road influences is the interior
Columbia River basin environmental assessment. Analysis of fish distribution and status
data for seven species of anadromous and resident salmonids in the Columbia basin
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showed that frequency of strong populations generally declined with increasing road
densities. Additional analyses of road effects focused on four non-anadromous species,
because effects of roads and other land uses on anadromous species may be masked
by migrational and ocean-related factors (for example, dam passage, predation, and
harvest). Three species showed significant effects from roads, either when occupied
spawning and rearing areas were distinguished from unoccupied areas or when strong
status was differentiated from depressed. The analysis suggested a decreasing likeli-
hood of occupancy—or a decreasing likelihood of strong status if occupied—with
increasing road density. No other variables except ground slope showed the consistent
patterns across all species shown by the road density measures.

The investigation of the influence of roads on population status clearly showed an in-
creasing absence and a decreasing proportion of strong populations with increasing
road density for several subgroups. Additional evidence suggests that the lowest mean
road density values (number of road miles per unit of area) always are associated with
strong population status.

Based on the synthesis reported in the main body of this document, this trend is ap-
parent for Yellowstone cutthroat trout, even though it was the only subgroup not showing
a significant road effect in a logistic regression analysis. The lack of statistical signifi-
cance in the face of apparent trends, however, points to complex interactions among the
explanatory variables not adequately addressed in the relatively simple logistic model.
Consistent, significant effects for other species may be further testament to the pre-
sence and pervasiveness of the effects. Strong relations between roads and the dis-
tribution and status of these species were detected despite the potential confounding
effects of other variables (such as harvest, non-native introductions, and other habitat
factors).

These results show that increasing road densities and their attendant effects are as-
sociated with declines in the status of four non-anadromous salmonid species. These
species are less likely to use highly roaded areas for spawning and rearing and, if
found, are less likely to have strong populations. This consistent pattern is based on
empirical analysis of 3,327 combinations of known species’ status and subwatershed
conditions, which were limited primarily to forested lands administered by the Forest
Service and the Bureau of Land Management. We would not expect the relation to be as
strong on the nonforested, lower gradient lands administered by BLM. Of the four spe-
cies examined, the redband trout is the only one supported by the low-gradient lands.
Only in forested, high-elevation areas could redband trout status be clearly associated
with road density changes.

Most aquatic conservation strategies acknowledge the need to identify the best habitats
and most robust populations to use as focal points; from these, populations can expand
where adjacent habitat can be usefully rehabilitated or the last refugia of a species
can be conserved. These strategies also provide necessary experimental controls for
evaluating the effects of land management activities in other areas. The ecological
importance of unroaded areas has been highlighted in the Columbia basin assessment
and in other reports cited in the main body of this paper.

The overlap of unroaded areas within and outside designated wilderness areas with
stronghold watersheds for fish and other important conservation watershed efforts in
the Columbia basin also was examined. Designated wilderness and unroaded areas
are important anchors for strongholds throughout the basin. Unroaded areas occupy
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41 percent of area with known and predicted strongholds in the east-side EIS area.
One-third of this area is outside wilderness. Sixty-eight percent of known and predicted
strongholds in the upper Columbia basin EIS area are unroaded, of which 37 percent
are outside of wilderness.

Aquatic integrity in the Columbia basin was analyzed in relation to road densities and
integrity ratings for other resources (forest, range, hydrology). Forest clusters with the
highest integrity ratings for aquatic organisms were associated with low road densities;
low integrity ratings corresponded with moderate or higher road densities. The range
cluster having the highest aquatic and composite integrity also had mostly low road
densities. The relations between road densities and integrity ratings for other range
clusters were more variable, however (FEMAT 1993, Henjum and others 1994, Lee and
others 1997). The correlation of basin or subbasin integrity is not total, suggesting the
variables and interesting mechanisms are complex and nonuniform. Such data sug-
gest that criteria be developed to examine the role of roadless areas in conservation
strategies and permit assessing the risks taken when roadless blocks that are signifi-
cant features at the landscape level are further intersected by roads.

• Does the distribution of roadless areas contribute to the ecological integrity of
forested ecosystems?

• Does a conservation strategy that includes roadless areas need to be spatially
explicit?

The distribution and the desirability of having well-distributed roadless area systems
pose interesting scientific challenges. Historical trends significantly influenced the extent
and distribution of roadless areas. Logging progressed from easily accessible, low-
elevation forests to more difficult, high-elevation terrain; thus the remaining road-less
areas tended to be at high elevations. We are unaware of a systematic analysis of this
issue. Criteria that include assessing how well some roadless areas represent certain
native ecosystems should be considered. This is especially the case at lower elevation
sites that historically have seen the greatest harvesting effort and attendant road build-
ing. If the goal is to have a system of reserves consisting of representative, relatively
undisturbed habitats, then roadless areas and the habitat types within them should be
distributed over major ecoregions and be derived logically.

• Do corridors connect the high-quality roadless areas?

Biodiversity is, in simplest terms, the variety of life and its processes (Keystone Center
1991). Recent syntheses (Heywood and Watson 1995) emphasize the reciprocal rela-
tion between biodiversity—conceived as genetic and species diversity—and ecosystem
function. The many species representing the biodiversity of an area play roles neces-
sary for ecosystem function and, importantly, are the source of the variation enabling an
ecosystem to adapt to change. The processes of a healthy, functioning ecosystem in
turn support the many species. Appreciating the reciprocity means that biodiversity can
be taken as a natural measure of the ecosystem as a whole and thus can integrate the
many concerns listed.

Some species may play more important roles than others in the normal functioning of an
ecosystem. Keystone species, for example, may define the major structural elements of
an ecosystem as Douglas-fir does for forests in the Pacific Northwest, or they may—by
virtue of their position in a complex trophic structure—act to maintain the diversity as
keystone predators do for herbivores. The many species that do not seem to serve an
important role in an ecosystem constitute a reservoir of potential adaptation to change.
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Because an ecosystem cannot predict change, the very diversity of species acts as a
hedge against it. Thus, biodiversity is important to long-term ecosystem function, and
human activities that decrease biodiversity can impair it. Our working hypothesis is,
then, that measures of biodiversity provide the best integrative assessment of the
effects of roads on ecosystems.

Forest roads create corridors that not only permit invasion of alien, weedy species, but
also permit entry of predators, including humans, to the forest environment and affect
wildlife populations. Limited studies have shown that roads allow exotic species into
areas where they historically have been absent or where appropriate habitat was not
available (Parendes, 1997). Clearly, these secondary effects are promoted by the
existence of roads but are not due to the roads themselves; however, the increase in
human access to remote areas allowed by roads has a far more significant effect on
native populations. High road densities are associated with a variety of negative human
effects on some wildlife species. Black bear populations are inversely related to road
density in the Adirondacks (Wisdom and others 2000). Increases in hunting pressure,
particularly illegal hunting, have the potential to impact populations. Moose and caribou
are particularly vulnerable to this kind of predation (Scott and Servheen 1985). Such
connectivity will be important for endangered species where the gene pool is already
limited, such as in the case of the Florida panther (Puma concolor corgi), and where
gene exchange between populations in adjacent habitat may help species viability
(Shrader-Frechette 1995). Connectivity also is important for species having large home
ranges, and road avoidance or risk from road related mortality constitutes an additional
threat to the populations, or may lead to undesirable, even dangerous animal-human
interaction, as may be occurring with mountain lion (Felis concolor) populations in
southern California.

Whenever forest roads are built, modified habitat and changes in animal behavior will
lead to changes in risk to viability and distribution and even local extirpation in wildlife
populations. Road avoidance behavior is characteristic of large mammals such as elk,
bighorn sheep, grizzly bear, caribou, and wolf. Avoidance distances of 100 to 200 yards
are common for these species. Road usage by vehicles and humans has a significant
role in determining road avoidance behavior. In a telemetry study of black bear move-
ments, interstate highways were almost never crossed, and roads with low traffic volume
were crossed more frequently than roads with higher traffic volumes (Wisdom and
others 2000.). It appears that in some cases, male bears may actually be using roads
as travel corridors (Young and Beecham 1986, Zager 1980). Wolves in Wisconsin are
limited to areas with overall mean road densities of 0.07 miles per square mile. Some
studies have shown that the existence of a few large areas of low road density, even in a
landscape of high average road density, may be the best indicator of suitable habitat for
large vertebrates (Wisdom and others 2000.).

• Are roadless areas important to the conservation of high-quality aquatic and
terrestrial habitats?

Again drawing on the Columbia River basin assessment, fish with strong populations
occurred more frequently in areas with lower road densities. Supplemental analysis fur-
ther showed that increasing road densities and their attendant effects were associated
with declines in the status of four non-anadromous salmonid species. Fish seem to be
less likely to use highly roaded areas for spawning and rearing and, where found, are
less likely to have strong populations. Patterns based on empirical analysis of 3,327
combinations of known species status and subwatershed conditions are consistent and
unmistakable, though limited primarily to forested lands administered by the Bureau of
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Land Management and Forest Service. Although unroaded areas are significantly more
likely to support strong populations, strong populations are not excluded from roaded
watersheds. Possible reasons for this coexistence are that, in general, increased short-
or long-term watershed and ecological risks are associated more with entering an un-
roaded area than with proceeding continuously with management activities in roaded
areas to upgrade, maintain drainage, or close or obliterate existing roads (Lee and
others 1997). The empirical evidence is correlational and, when the causes for the
above observations are fully established, a more complex picture is likely to emerge.

At a more local scale, hydrologic and geomorphic interactions are a potential conse-
quence of road building and presence that can involve altered flow regimes, increased
sedimentation, local failures with local and “downstream” consequences for streams,
riparian areas, and vegetation cover. For example, the FEMAT (1993) analysis stats,
“Management activities in roadless areas will increase the risk of aquatic and riparian
habitat damage and potentially impair the capacity of Key Watersheds to function as
intended...[while]...most timber-suitable roadless acreage can be harvested either dir-
ectly from existing roads or from helicopters.” Further, “if all timber-suitable roadless
remains unroaded in Option 9, then the estimated reduction for the total regional prob-
ably sale quantity is less than 0.2 percent.”  In terms of aquatic effects, the Columbia
basin assessment summaries include the following statements: “Roads provide access,
and the activities which accompany access magnify the negative effects on aquatic
systems beyond those solely due to roads.”  Among other findings, the assessment
“...subwatersheds supporting strong populations were found on Forest Service admin-
istered lands (75 percent) and a substantial number (29 percent) are located within
designated Wilderness areas and National Parks.”  Thus, the data “...clearly show
increasing absence and decreasing proportion of strong [fish] populations with in-
creasing density for some subgroups” (FEMAT 1993). Other studies found that the
length of road segments connected to the stream network at stream crossings or gully-
debris slide tracks amounted to a 40-percent extension of the stream network length in
a Cascade Range watershed (Jones and others, in prep; Wemple 1999).

High-quality terrestrial habitats may be affected by the potential for invasion of exotic
plants and animals that can displace or threaten native populations; that is, affect bio-
diversity, which can be increased by roads. Migrating populations of rare amphibians
may be killed during road use; disease and pathogens are spread more rapidly and
widely if roads are present (Kiester and Slatkin 1974). The preponderance of the nega-
tive findings in many scientific studies also suggests that the potential for ameliorating
or minimizing the unwanted effects exists, even if it has not been made a prime objective
historically. Lastly, some positive ecological results may follow (though they are propor-
tionately less significant) that roads create edge environments exploited by small mam-
mals, can sustain some desirable species, and provide useful niches. Maintaining an
optimum balance is a function of the long-term magnitude of road networks; for the
present system, the need for additional niches and habitats is difficult to demonstrate.

A full scientific view of the data on roadless areas cannot stop at the local scale, but
must ultimately view the presence of roaded and roadless areas in a landscape context
and be able to draw the distinction between a large road network and small roadless
areas or large roadless areas and a small road network. Again drawing on the Columbia
basin assessment, we note that “while unroaded areas are significantly more likely
to support strong populations, strong populations are not excluded from roaded
watersheds.... the scale of the subwatershed (8000 ha on average) at which strong
populations are identified may mask potential disconnects between the real locations
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of strongholds and roads. The significance of the impacts and benefits will be affected
and must withstand rigorous scientific approaches over a spectrum of possibilities and
of scales” (Lee and others 1997).

Social, aesthetic, and economic values of roadless areas—The interaction between
roadless areas and people’s aesthetic and spiritual beliefs about the landscape probably
affects people’s perceptions in many different ways. We know that passive or “nonuse”
values include “existence” and “bequest” value. Existence value pertains to things,
places, or conditions people value simply because they exist, without any intent or ex-
pectation of use. Bequest value pertains to a desire people may have to allow others,
such as future generations, to receive benefit from a resource (Peterson and Sorg
1987, Randall and others 1979). The issues are as follows:

• People assign significant passive-use value to national forest landscapes or
attributes.

• Forest Service road policies or management actions affect passive-use values.

People do assign passive-use (nonuse) value to natural resources, and passive-use
value may exceed the active-use value served by road access to the resource. Invasion
of roads will reduce some aspects of passive-use value in natural areas. Likewise, ob-
literation of roads may increase such value. Building roads into roadless areas may,
however, serve values that require access, and obliterating roads may obstruct values
and uses that require access, so tradeoffs need to be considered. Though not univer-
sally shared, a strong value is doubtless attached to the continued existence of wilder-
ness and roadless areas, including those in national forests.

The relation between roadless areas and recreation on national forests is highly com-
plex. Research findings are limited and uneven on the issues of direct, indirect, and
secondary effects on recreation of altering the national forest road system. Indirect
evidence and related research provide the following insights:

• Roads provide corridors of access to various national forest sites, settings, and
visual and aesthetic experiences; in fact, almost all recreation in national forests
depends to some degree on road access.

• Roads provide access to remote areas and wilderness but at the same time can
reduce opportunities for solitude elsewhere.

• The amount of roading and the amount of recreation use are positively correlated,
sometimes leading to heavy concentrations of use, and roads may be the only
means of enjoyment for persons with some forms of disability.

• Demand for forest recreational opportunities continues to grow regionally and
nationally.

• Placement, scale, class, and setting of roads can greatly affect the quality of scenic
views of national forests and access to outstanding vistas.

The three most highly ranked uses of lands administered by the Forest Service and
Bureau of Land Management in the basin today are timber, fishing, and hunting. Pro-
jected uses by 2045 will be motor viewing and day and trail use; this for an area where
70 percent of the unroaded areas of >200,000 acres occurs in the lower 48 states
(Cordell and Bergstrom 1991, Tarrant and others 1999).
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• Does a roadless area preclude needed access for public services and resources as
well as conservation management?

Roadless areas not already congressionally withdrawn (for example, as a designated
wilderness area) total about 34 million acres in national forests. Of these, 9 million
acres have been identified as suitable for timber production. Management practices
and natural resource use may suggest strong reasons for entry into the 9 million acres
(Coghlan and Sowa 1997). Timber harvesting using roadless approaches in these areas
would lead to greater reliance on helicopter logging systems, which increase logging
costs. The FEMAT study (1993) suggests that in key watersheds, the reduction in tim-
ber volume would be about 0.3 percent, and reduction by prohibiting entry into existing
roadless areas not congressionally withdrawn in all areas considered by FEMAT (that is,
the range of the northern spotted owl) would be 6 percent.

For the interactions of grazing rights, grazing access, and roads, essentially no scien-
tific information exists analyzing the ecological, administrative, or economic effects of
roads on administering the Forest Service range management program, and the synthe-
sis in the main report did not uncover data specific to the relation of roadless areas and
grazing practices (Peterson and Sorg 1987).

That improved road access leads to increased efficiency and effectiveness of fire sup-
pression activities is a long-held tenet of fire fighting. Much of the effectiveness of past
fire suppression policies probably can be attributed to increased access for ground
crews and equipment, particularly under weather and fuel situations where fire behavior
is not severe. Under the severe conditions associated with intense, rapidly spreading
fires, the value of forest roads for access or as fuel breaks is likely to be minimal. How-
ever, quantification of these effects in published research in the United States is mini-
mal. But it should be noted that indirect effects of increased access have increased the
role of human-caused ignitions, and this is particularly true in areas of expansion of
urban and rural development into wildland interfaces.

Roadless areas: conclusions—The scientific literature provides a framework of gen-
eral principles regarding the nonuse values of present roadless areas and may even be
extended to apply to areas where road decommissioning may recreate roadless areas.
Such values include areas (1) having significant amounts of interior habitat for many
forest species now being observed under the “survey and manage” concept of the
Northwest Forest Plan, (2) maintaining connectivity of habitat for species having large
home-ranges, (3) valuing the existence of forest “reserves” that permit the continued
functioning of representative habitat types in a state of least human disturbance, and (4)
becoming aware that forest-stream interactions seem to confer somewhat stronger fish
viability in areas of low to no road densities. At present, no science-based analytical
models, formulas, tables, or handbooks are available that the manager can use to apply
the general principles to specific decisions, though pilot efforts are now underway by
the USDA Forest Service to develop such tools. Such tools will provide methods that
permit judgments about offsetting benefits and impacts from road building and usage,
which suggests that we will have the means at hand to decide on an agreed on mix of
roaded vs. roadless areas in national forests.



This page has been left blank intentionally.
Document continues on next page.



This page has been left blank intentionally.
Document continues on next page.



This page has been left blank intentionally.
Document continues on next page.



The Forest Service of the U.S. Department of Agriculture is dedicated to the principle
of multiple use management of the Nation’s forest resources for sustained yields of
wood, water, forage, wildlife, and recreation. Through forestry research, cooperation
with the States and private forest owners, and management of the National Forests and
National Grasslands, it strives—as directed by Congress—to provide increasingly
greater service to a growing Nation.

The U.S. Department of Agriculture (USDA) prohibits dis-crimination in all its programs
and activities on the basis of race, color, national origin, gender, religion, age, disability,
political beliefs, sexual orientation, or marital or family status. (Not all prohibited bases
apply to all programs.) Persons with disabilities who require alternative means for
communication of program information (Braille, large print, audiotape, etc.) should
contact USDA’s TARGET Center at (202) 720-2600 (voice and TDD).

To file a complaint of discrimination, write USDA, Director, Office of Civil Rights, Room
326-W, Whitten Building, 14th and Independence Avenue, SW, Washington, DC
20250-9410 or call (202) 720-5964 (voice and TDD). USDA is an equal opportunity
provider and employer.

Pacific Northwest Research Station

Web site http://www.fs.fed.us/pnw
Telephone (503) 808-2592
Publication requests (503) 808-2138
FAX (503) 808-2130
E-mail desmith@fs.fed.us
Mailing address Publications Distribution

Pacific Northwest Research Station
P.O. Box 3890
Portland, OR 97208-3890



U.S. Department of Agriculture
Pacific Northwest Research Station
333 S.W. First Avenue
P.O. Box 3890
Portland, OR 97208-3890

Official Business
Penalty for Private Use, $300



 
 
 
 

 
THESIS 

 

SEDIMENT PRODUCTION AND DELIVERY FROM FOREST ROADS  

AND OFF-HIGHWAY VEHICLE TRAILS IN THE UPPER  

SOUTH PLATTE RIVER WATERSHED, COLORADO 

 

 

 

Submitted by 

Matthew J. Welsh 

 

 

 

 

 

Department of Forest, Rangeland, and Watershed Stewardship 

In partial fulfillment of the requirements 

For the Degree of Master of Science 

Colorado State University 

Fort Collins, Colorado 

Fall 2008 



 ii

 

 

 
COLORADO STATE UNIVERSITY 

 

July 18, 2008 

 

WE HEREBY RECOMMEND THAT THIS THESIS PREPARED UNDER OUR 

SUPERVISION BY MATTHEW J. WELSH ENTITLED “SEDIMENT PRODUCTION 

AND DELIVERY FROM FOREST ROADS AND OFF-HIGHWAY VEHICLE 

TRAILS IN THE UPPER SOUTH PLATTE RIVER WATERSHED, COLORADO” BE 

ACCEPTED AS FULFILLING IN PART REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE. 

 

Committee on Graduate Work 

 

______________________________ 
Greg Butters 

 
 

______________________________ 
Steven Fassnacht 

 
 

______________________________ 
Lee H. MacDonald, Advisor 

 
 

______________________________ 
Michael Manfredo, Department Head 

 



 iii

 

 
 
 

ABSTRACT OF THESIS 
 

SEDIMENT PRODUCTION AND DELIVERY FROM FOREST ROADS  
AND OFF-HIGHWAY VEHICLE TRAILS IN THE UPPER  

SOUTH PLATTE RIVER WATERSHED, COLORADO 
  

Sediment is a principal cause of impairment to surface water quality.  Erosion is a 

particularly important environmental issue in the Upper South Platte River (USPR) 

watershed of Colorado because it is the primary source of drinking water for Denver, has 

a high-value fishery, and several stream reaches are impaired by high levels of sediment.  

Unpaved roads are often considered a dominant source of sediment in forested 

watersheds, and off-highway vehicle (OHV) trails are another potentially important but 

largely unquantified sediment source.  The objectives of this study were to: (1) quantify 

sediment production and delivery from forest road and OHV trail segments in the USPR 

watershed; (2) test the accuracy of WEPP:Road, SEDMODL2, and two empirical models 

for predicting sediment production from roads and OHV trails; and (3) compare sediment 

production, sediment delivery, and sediment yields from forest roads and OHV trails. 

Rainfall, site characteristics, and sediment production were measured on 14-22 

native surface road segments from 2001 to 2006, and these data were used to test the 

accuracy of WEPP:Road and SEDMODL2.  Empirical models for predicting storm-based 

and annual sediment production were developed from the first four years of data; the last 

two years of data were used for model testing.  Similar measurements on 5-10 OHV trail 

segments from 2005 to 2006 were used to test WEPP:Road and SEDMODL2.  Sediment 

delivery was assessed by detailed surveys along 17 km of roads and 10 km of OHV trails.  
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In 2006 mean sediment production from the 10 OHV trail segments was 18.5 kg 

m-2 yr-1, or six times the mean value from the 21 road segments.  The percentage of OHV 

trails connected to streams was 24%, or 70% higher than for roads, largely because more 

OHV trails were in the valley bottoms.  None of the models accurately predicted 

sediment production from roads or OHV trails, but the performance of SEDMODL2 was 

greatly improved by calibrating the geology and traffic factors to the study area.  

SEDMODL2 also could be improved by adjusting the slope factor, better accounting for 

rill density on native surface roads, and making the rainfall factor dependent on rainfall 

erosivity rather than rainfall depth.  WEPP:Road could be improved by making sediment 

production decrease rather than increase with higher soil rock content, and increasing the 

effect of a categorical change from no traffic to low traffic. 

Road density in the study area is 0.6 km km-2, or three times the density of OHV 

trails.  Multiplying unit area sediment production normalized by summer erosivity times 

the density, mean active width, and percent connectivity indicates that roads and OHV 

trails are respectively delivering approximately 1.1 Mg km-2 and 0.8 Mg km-2 of sediment 

to the stream network per year.  Sediment delivery to streams can be reduced by locating 

roads and OHV trails out of valley bottoms and off steep hillslopes, decreasing segment 

lengths, and reducing segment slopes. 
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Fort Collins, CO 80523 
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1. INTRODUCTION 
 

Excessive sediment is one of the leading causes of impairment to surface water 

quality in both the United States and the State of Colorado (EPA, 2008).  The associated 

high levels of turbidity and suspended sediment concentrations can adversely impact 

aquatic resources (Cederholm et al., 1981; Suttle et al., 2004) as well as complicate water 

treatment for domestic use.  Erosion is a particularly important environmental issue in the 

Upper South Platte River (USPR) watershed of Colorado because it is the primary source 

of drinking water for Denver, has a high-value fishery, and several stream reaches are 

impaired by high levels of sediment (CDPHE, 2006; CDPHE, 2008). 

Most of the USPR watershed is forested (USDA, 2000), but undisturbed forests in 

Colorado typically generate little sediment because infiltration rates are high and 

overland flow is rare (Troendle, 1987; MacDonald and Stednick, 2003; Libohova, 2004; 

Brown, 2008).  This means that the elevated sediment loads are almost always a result of 

soil disturbance (MacDonald and Stednick, 2003).  The USPR watershed has a long 

history of mining, timber harvesting and grazing, and it is now intensively used for 

recreation and development (USDA, 2000; USDA, 2005).  Since 1996 there have been a 

series of high-severity wildfires and forest thinning projects to reduce wildfire risk 

(USDA, 2000; Libohova, 2004; Rough, 2007; Brown, 2008).  All of these disturbances 

have the potential to increase sediment production and watershed-scale sediment yields 

(MacDonald and Stednick, 2003), and data are needed to quantify the different sediment 

sources. 
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Previous research in the USPR watershed has quantified sediment production 

from wildfires (Libohova, 2004; Pietraszek, 2006; Rough, 2007), forest thinning 

(Libohova, 2004; Brown, 2008), and forest roads (Libohova, 2004; Brown, 2008).  The 

results indicate that wildfires and forest roads are dominant sediment sources, while 

forest thinning does not increase sediment production relative to undisturbed areas 

(Libohova, 2004; Pietraszek, 2006; Rough, 2007; Brown, 2008).  Wildfires are a large 

and intermittent sediment source (Pietraszek, 2006; Rough, 2007), while forest roads 

deliver sediment to streams annually (Libohova, 2004; Brown, 2008).  The chronic nature 

of sediment inputs from roads means that road rehabilitation treatments may be able to 

more consistently improve water quality than treatments to prevent wildfires.   

A relatively small proportion of the road length in forested watersheds is typically 

responsible for the road-related increase in sediment loads (e.g., Reid and Dunne, 1984; 

Wemple et al., 1996; Croke and Mockler, 2001; Coe, 2006; Brown, 2008).  This indicates 

that the adverse effects of forest roads on water quality and stream habitat can be most 

efficiently reduced by identifying and treating those road segments that are generating 

and delivering the largest amounts of sediment.  In most cases the large number of forest 

roads precludes the collection of sediment production data and detailed surveys of each 

road segment.  This means that resource managers must use models to estimate road 

sediment production, and these include: (1) physically-based models, such as the Water 

Erosion Prediction Project (WEPP) model (Elliot, 2004); (2) models with both conceptual 

and empirical components, such as Sediment Model Version 2.0 (SEDMODL2) (BCC 

and NCASI, 2003); and (3) empirical models developed from local data (e.g., Luce and 

Black, 1999; Ramos-Scharrón and MacDonald, 2005; Coe, 2006; Sugden and Woods, 
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2007; Brown, 2008).  The problem is that there have been limited efforts to test the 

accuracy of these models against field data and to use the results for model improvement. 

 Given the need for accurate predictions of road sediment production and the lack 

of model testing, the first goal of this study was to test the performance of WEPP:Road, 

SEDMODL2, and two local empirical models (Chapter 2).  The dataset consisted of 

sediment production, site characteristics, and rainfall from 14-22 native surface road 

segments in the USPR watershed from 2001 to 2006.  This entire dataset was used to test 

the accuracy of WEPP:Road and SEDMODL2.  The first four years of data were used to 

develop empirical models for predicting storm-based and annual sediment production 

(Brown, 2008), and the last two years of data were used for model testing.  Sensitivity 

analyses and detailed analyses of the field data were used to identify potential model 

improvements. 

The large network of OHV trails is another unquantified and potentially important 

sediment source in the USPR watershed (USDA, 2000; USDA, 2005).  Sediment 

production rates from OHV trails have been hypothesized to be similar to forest roads 

(Elliot et al., 1999), as both forest roads and OHV trails decrease infiltration rates and 

increase surface runoff (MacDonald et al., 2001; Sack and da Luz, 2003; Foltz, 2006; 

Ramos-Scharrón and MacDonald, 2007), decrease surface cover (Leung and Marion, 

1996; Libohova, 2004; Brown, 2008), and greatly increase sediment production rates 

relative to undisturbed areas (Willshire et al., 1978; Griggs and Walsh, 1981; Sack and da 

Luz, 2003; Libohova, 2004; Brown, 2008).  However, it is unknown whether the relative 

lack of design standards for OHV trails at the time of their construction and the 

difference in the amount and type of use will increase sediment production rates from 
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OHV trails relative to roads.  Accordingly, the second main goal of this study was to 

quantify sediment production from OHV trail segments in the USPR watershed.  To this 

end sediment production, site characteristic, and rainfall data were collected from 5-10 

OHV trail segments in 2005 and 2006, and these results are presented in Chapter 3.  

These data also were used to test the accuracy of WEPP:Road and SEDMODL2 for 

predicting annual sediment production from OHV trail segments. 

The amount of sediment that is delivered to streams from roads and OHV trails 

depends on their connectivity with the channel network.  Sediment from these sources 

can be delivered to streams at stream crossings, or when an outlet rill or sediment plume 

extends to a stream channel.  Detailed surveys along 17 km of roads in the USPR 

watershed indicated that sediment delivery is related to the hillslope position of the road, 

road segment slope, and road segment length (Libohova, 2004; Brown, 2008).  Since 

there is a paucity of data on the connectivity between OHV trails and streams, the third 

goal of this study was to evaluate sediment delivery by conducting detailed surveys along 

10 km of OHV trails in the USPR watershed (Chapter 3). 

The results presented here provide a critical assessment on predicting road 

sediment production and crucial data on sediment production and delivery from OHV 

trails.  The suggested changes to WEPP:Road and SEDMODL2 should greatly improve 

the accuracy of these models, particularly in the Colorado Front Range.  The data from 

the OHV trails provide new insights into the importance of OHV trails and the underlying 

physical processes that control sediment production and delivery from this largely 

unstudied sediment source.  The combination of data from roads and OHV trails provides 

a unique opportunity to compare their respective contributions to sediment production, 
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sediment delivery, and sediment yields at the watershed scale.  On a more practical level, 

the results and insights can help resource managers to assess the importance of roads and 

OHV trails for evaluating cumulative watershed effects and to prioritize rehabilitation 

treatments.  
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2. PREDICTING SEDIMENT PRODUCTION FROM FOREST ROADS: AN 
EVALUATION OF WEPP:ROAD, SEDMODL2, AND EMPIRICAL MODELS 

 

2.1. ABSTRACT 
 
 Unpaved roads are a large and chronic source of sediment in forested watersheds, 

and accurate predictions of road sediment production are needed to guide road treatments 

and assess cumulative watershed effects.  WEPP:Road and SEDMODL2 are commonly 

used for predicting road sediment production, and the first objective of this study was to 

test the performance of these two models along with two empirical models.  The dataset 

includes rainfall, site characteristic, and sediment production data from 14-22 native 

surface road segments in the Colorado Front Range from 2001 to 2006.  The data from 

2001-2004 were used to develop empirical models for predicting storm-based and annual 

road sediment production, and the data from 2005-2006 were used to validate these 

empirical models.  The second objective was to compare the results of sensitivity 

analyses to the relationships observed from the field data.  These comparisons were used 

to identify model shortcomings and potential model improvements. 

 For all four models the measured and predicted sediment production values were 

poorly correlated (R2=0.28-0.42), and each model over-predicted low sediment 

production values and under-predicted high values.  SEDMODL2 was the best predictor 

of road sediment production (R2
eff=0.31), while WEPP:Road had the poorest performance 

(R2
eff= -0.54).  Both of the empirical models had surprisingly poor performance 

(R2
eff=0.14-0.27); however, the annual empirical model was the most accurate predictor 
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of sediment production values greater than 1000 kg yr-1, and was the most accurate model 

when tested against the 2005 and 2006 data. 

Suggested improvements to WEPP:Road include: (1) a greater increase in 

predicted sediment production with increasing precipitation; (2) decreasing rather than 

increasing predicted sediment production with higher soil rock content; (3) expanding the 

range of soil texture classes; and (4) having a greater increase in sediment production as 

traffic increases from none to low.  SEDMODL2 could be improved by: (1) linearly 

increasing sediment production with segment slope instead of an exponential increase; 

(2) doubling the maximum geology factor; (3) expanding the range of road surface 

factors to account for rill density; and (4) replacing annual rainfall with summer erosivity.  

The results of this study show that SEDMODL2 and possibly the annual empirical model 

are the best models for predicting road sediment production in the Colorado Front Range.  

Future data collection efforts should focus on calibrating SEDMODL2 to the study area 

and conducting additional testing of the annual empirical model.   
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2.2. INTRODUCTION 
 

Sediment is a leading cause of surface water quality impairment in both the 

United States and the State of Colorado (CDPHE, 2006; CDPHE, 2008; EPA, 2008).  

High sediment loads also are a primary cause of impaired aquatic habitat (Eaglin and 

Hubert, 1993; Forman and Alexander, 1998; Trombulak and Frissell, 1999).  In the 

western United States forested areas are the dominant source of water supply and also 

provide the majority of aquatic habitat (Dissmeyer, 2000).  Hence it is critical to identify 

the largest sources of sediment in order to improve water quality and aquatic habitat.   

Most undisturbed forested watersheds generate little sediment because infiltration 

rates are high and overland flows are rare (Troendle, 1987; MacDonald and Stednick, 

2003; Libohova, 2004; Brown, 2008).  Management activities that can increase sediment 

yields include timber harvest, grazing, unpaved roads, and recreational trails (Heede, 

1986; Lopes et al., 1999; MacDonald and Stednick, 2003).  The increasing regulation of 

timber harvest activities means that unpaved roads are often the dominant sediment 

source in forested watersheds (e.g., Reid and Dunne, 1984; Luce and Black, 1999; Luce 

and Wemple, 2001; MacDonald and Stednick, 2003; MacDonald et al., 2004).   

Sediment from forest roads can be generated by: surface erosion on the road 

surface, fillslopes, ditches, and cutslopes; mass movements induced by roads; and gullies 

created by road runoff.  Within the study area the dominant sediment source is surface 

erosion from the road travelway, as cutslope and fillslope erosion are negligible and mass 

movements are very rare (Libohova, 2004; Brown 2008).  The predominance of road 

surface erosion suggests that roads are a chronic source of fine sediment in streams, and 

studies in other areas have shown that fine sediment can increase turbidity, alter channel 
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substrate and morphology, reduce aquatic productivity, and limit the survival and growth 

of fishes (Cederholm et al., 1981; Bilby et al., 1989; Newcombe and MacDonald, 1991; 

Forman and Alexander, 1998; Trombulak and Frissell, 2000; Suttle et al., 2004).   

Previous studies have shown that a small proportion of the roads in forested 

watersheds are responsible for the road-related increases in sediment loads (Reid and 

Dunne, 1984; Coe, 2006; Brown, 2008).  This indicates that the adverse effects of forest 

roads on water quality and aquatic resources can be most efficiently reduced by 

identifying which road segments are generating and delivering large amounts of 

sediment.  Since most forest managers are unable to measure road sediment production 

and delivery, models must be used to prioritize rehabilitation treatments. 

The models for predicting road sediment production can be grouped into three 

classes: (1) physically-based models, such as the Water Erosion Prediction Project 

(WEPP) model (Elliot, 2004); (2) conceptual-empirical models, such as Sediment Model 

Version 2.0 (SEDMODL2) (BCC and NCASI, 2003); and (3) empirical models 

developed from local road erosion data (e.g., Luce and Black, 1999; Ramos-Scharrón and 

MacDonald, 2005; Coe, 2006; Sugden and Woods, 2007; Brown, 2008).  A major 

problem is that there have been almost no efforts to test the accuracy of these models 

against field data, so the uncertainty and bias associated with predicted sediment 

production is unknown.  Model testing also can be used to evaluate model structures and 

equations, and in this study comparisons of sensitivity analyses to field data are used to 

identify potential model improvements and areas where additional work is needed. 

No previous assessments have compared the relative performance of physically-

based, conceptual, and empirical models for predicting road sediment production.  These 
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types of evaluations are needed because physically-based models such as WEPP require 

the parameterization of over 400 variables (Flanagan and Nearing, 1995) and empirical 

models require a large dataset for development (e.g., Luce and Black, 1999; Ramos-

Scharrón and MacDonald, 2005; Coe, 2006; Brown, 2008), while a conceptual model like 

SEDMODL2 has only a handful variables (BCC and NCASI, 2003).  Hence comparing 

the relative performance of the three model classes would indicate whether there is a 

benefit to collecting large amounts of local data as opposed to collecting a limited amount 

of data to calibrate a conceptual model. 

Given the need for accurate predictions of road sediment production and the lack 

of model testing, the first objective of this study was to test the accuracy of two 

commonly used road erosion models: (1) WEPP:Road (Elliot, 2004), which is a web-

based interface that simplifies the use of the WEPP model (Flanagan and Nearing, 1995); 

and (2) SEDMODL2 (BCC and NCASI, 2003), which is a road erosion and delivery 

model developed for the Pacific Northwest.  These two models were tested using six 

years of rainfall, site characteristic, and sediment production data from 14-22 native 

surface road segments in the central Colorado Front Range.  In addition to testing these 

two models, the field data collected from 2001-2004 were used to develop empirical 

models for predicting storm-based and annual road sediment production, respectively; the 

data from 2005-2006 were used for validation.  The second main objective of this study 

was to compare the results of sensitivity analyses to the relationships observed from the 

field data to identify possible model improvements and needs for future research.  
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2.3. MODEL DESCRIPTIONS AND FIELD DATA 
 
2.3.1. WEPP:Road 
 

The WEPP model was developed to estimate surface erosion from crop, range, 

and forested lands at the hillslope and small watershed scales (Flanagan and Nearing, 

1995).  WEPP uses a stochastically generated climate to predict runoff and sediment 

production.  The stochastic climate file inputs are generated using monthly climate 

statistics from one of the more than 2,600 weather stations in the WEPP database (Elliot 

et al., 1999).  The monthly climate statistics include the: number of wet days; mean, 

standard deviation, and skew coefficient of the amount of precipitation on a day with 

precipitation; probabilities of a wet day after a wet day and a wet day after a dry day; 

mean wind speed; and mean and standard deviation of maximum and minimum 

temperatures (Elliot et al., 1999).  The historic monthly data from the selected weather 

station are used to calculate the daily precipitation depth, duration, and intensity for up to 

200 years of stochastically simulated climate (Elliot et al., 1999). 

Infiltration is simulated using a modified version of the Green and Ampt equation 

for transient rainfall (Chu, 1978).  Overland flow occurs when the rainfall or snowmelt 

rate exceeds the infiltration rate and depression storage capacity is exceeded.  The 

interrill detachment rate is a function of the soil interrill erodibility (Ki), rainfall or 

snowmelt intensity, interrill runoff rate, interrill particle size, and slope (Flanagan and 

Nearing, 1995).  The soil detached from interrill areas is assumed to be delivered to rills, 

where it can be either deposited or transported depending on the rill geometry and 

transport capacity.  Soil detachment within a rill occurs when the shear stress (τ) of rill 

flow exceeds the critical shear stress (τc).  The amount of soil loss within the rill is a 
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function of the excess shear stress (τ-τc) and the rill erodibility (Kr).  Sediment production 

is calculated on a daily basis, and the daily values are summed to obtain an annual value 

for each year being simulated.  WEPP calculates a mean annual sediment production rate 

for the number of years being simulated (Elliot, 2004).  

Since WEPP is physically based it requires the parameterization of over 400 

variables (Flanagan and Nearing, 1995).  The lack of data to estimate parameters, 

difficulty of use, and complicated interpretation of outputs has limited the use of WEPP 

(Elliot et al., 1999; Elliot, 2004).  To facilitate the use of WEPP, the U.S. Forest Service 

(USFS) has developed a series of web-based interfaces for different forest management 

scenarios.  These web-based interfaces require only a limited number of inputs from the 

user, and these inputs are then used to parameterize all of the other variables needed to 

run the WEPP model (Elliot et al., 1999).   

The WEPP:Road interface was designed to calculate sediment production from 

the entire road prism as well as the mass of sediment transported through a forested 

buffer.  Users only need to parameterize 13 variables, including the identification of a 

climate station, soil texture class and soil rock content, basic road characteristics, and 

buffer length and gradient (Table 2.1).  Outputs include the mean annual precipitation 

(mm), runoff from rainfall (mm), runoff from snowmelt (mm), road prism sediment 

production (kg yr-1), and sediment leaving the forested buffer (kg yr-1) (Elliot at al., 

1999).  
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Table 2.1.  Input variables for WEPP:Road and their units or categories. 
 

Input Units or categories 
User-selected climate from the WEPP 

database 
Monthly precipitation (mm); number of 

wet days by month. 
Soil texture class Clay loam; silt loam; loam; sandy loam. 
Soil rock content Percent 
Road design Insloped, bare ditch; insloped, vegetated 

or rocked ditch; outsloped, unrutted; 
outsloped, rutted. 

Road length Meters 
Road width Meters 
Road gradient Percent 
Road surface type Native; graveled; paved. 
Traffic class High; low; none. 
Fillslope gradient Percent 
Fillslope length Meters 
Buffer gradient Percent 
Buffer length Meters 

 

Four road designs are available in WEPP:Road (Table 2.1).  The insloped, bare 

ditch design refers to road segments where all surface runoff is diverted to an inside ditch 

that is regularly bladed (Elliot et al., 1999).  An inside ditch is considered vegetated if it 

is completely covered with vegetation or rocks greater than 10 mm in diameter (Elliot et 

al., 1999).  Outsloped and unrutted road segments are where the surface runoff is diverted 

laterally off the road surface before becoming concentrated.  Outsloped roads often 

become rutted as a result of vehicle traffic, which results in concentrated runoff down the 

wheel tracks (Elliot et al., 1999) and a corresponding change in the road design class 

(Table 2.1).   

The road surface can be native, graveled, or paved.  A graveled surface increases 

the soil rock content and the hydraulic conductivity of the soil (Elliot et al, 1999).  The 

reduction in rainsplash and overland flow erosion associated with graveling can reduce 
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sediment production by up to an order of magnitude (Coe, 2006).  A paved surface 

reduces the sediment production from the road surface, but increases the amount of 

runoff (Elliot et al., 1999).  The increase in runoff can increase sediment production from 

the ditch and fillslope as well as increase the downslope travel distance and sediment 

delivery (Elliot et al., 1999). 

The three traffic classes are high, low, or none (Table 2.1).  The low traffic class 

applies to roads with light administrative or recreational traffic, while roads with 

restricted access and vegetation covering more than 50% of the surface are classified as 

having no traffic (Elliot et al., 1999).  Traffic is a categorical variable in WEPP:Road 

because traffic increases the supply of easily erodible sediment (Reid and Dunne, 1984; 

MacDonald et al., 2001; Ziegler et al., 2001; Coe, 2006), reduces vegetative cover (Swift, 

1984), and promotes the formation of ruts that concentrate flow (Foltz and Burroughs, 

1990). 

 

2.3.2. SEDMODL2 
 
 SEDMODL2 is a conceptual-empirical model for predicting sediment production 

and delivery from road segments (BCC and NCASI, 2003).  The model is intended to be 

coupled with geographic information systems (GIS) to facilitate the rapid evaluation of 

sediment yields under different management scenarios (BCC and NCASI, 2003).  The 

model uses one equation to calculate the annual sediment production from the road 

surface, and a second equation to calculate the sediment production from the cutslope 

(BCC and NCASI, 2003).  These governing equations are based on studies in Idaho, 

Oregon, Washington, North Carolina, and West Virginia as well as the surface erosion 
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module in the Washington Department of Natural Resources Standard Method for 

Conducting Watershed Analyses (WDNR, 1997) and the soil erosion model in WEPP 

(BCC and NCASI, 2003).  SEDMODL2 also calculates the background sediment 

production rates from forested areas, and this allows resource managers to evaluate the 

relative effect of roads on watershed-scale sediment yields.  

Sediment production from the road segment surface is calculated by:  

 
SPR = G*RS*T*A*SS*R       (2.1) 

 
where SPR is road surface sediment production in U.S. tons per year; G is the geology 

factor, which ranges from one to five depending on the parent material and degree of 

weathering; RS is the road surface factor, which ranges from 0.03 for paved roads to 2.0 

for native surface roads with ruts; T is the traffic factor, which ranges from 0.1 to 120, 

depending on the average number of log truck and passenger vehicle passes per day as 

well as the road width; A is the road segment area in acres; and SS is the segment slope 

factor (BCC and NCASI, 2003).  The segment slope factor is calculated by: 

 
SS = (S/7.5)2         (2.2) 

 
where S is the slope of the road segment in percent.  The rainfall factor (R) in equation 

2.1 is calculated by: 

 
R = 0.016(P)1.5            (2.3)  
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where P is the annual rainfall in inches.  If the mean annual rainfall is not provided by the 

user, SEDMODL2 uses the mean annual rainfall from the PRISM dataset (PRISM, 

2007). 

 Sediment production from the cutslope is calculated by: 

 
SPC = G*CC*CH*L*R        (2.4) 

 
where SPC is cutslope sediment production in U.S. tons per year; G is the geology factor 

as defined previously; CC is the cutslope cover factor, which ranges from 0.1023 for 

100% cover to 1.0 for 0% cover; CH is the cutslope height in feet, which is estimated 

from the hillslope gradient unless measured data are substituted by the user; L is the road 

segment length in feet; and R is the rainfall factor as defined by equation 2.3.   

The proportion of sediment that is delivered to streams is calculated by:  

 
SPT = (SPR + SPC)*D*RA        (2.5) 
 

 
where SPT is the total mass of sediment delivery in U.S. tons per year; SPR is road surface 

sediment production; SPC is cutslope sediment production; D is a categorical delivery 

factor; and RA is the road age factor.  The value for D is determined by the distance 

between the road segment and the nearest stream (Table 2.2).  The categorical road age 

factor ranges from 1.0 for roads more than two years old to 10.0 for roads less than one 

year old (BCC and NCASI, 2003).  Parameter values for the other categorical variables 

are obtained from the technical documentation (BCC and NCASI, 2003).   
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Table 2.2.  Delivery factor values in SEDMODL2. 
 

Distance from the road segment to the 
nearest stream (m) Delivery factor (D) 

0                 1.0 
0.1 - 30                 0.35 
30 - 60                 0.10 

> 60                 0.0 
 

2.3.3. Field Data and Empirical Models 
 
2.3.3.1. Study Area 
 
 Sediment production and site characteristics were measured for 14-22 road 

segments along five native surface roads in the Pike-San Isabel National Forest in the 

Upper South Platte River (USPR) watershed in the central Colorado Front Range (Figure 

2.1).  Elevations range from 1,990 m at Trumbull to 2,400 m at Upper Saloon Gulch, and 

hillslope gradients range from 5% to 80% (USDA, 2000).  Vegetation consists of dense, 

relatively homogenous stands of ponderosa pine (Pinus ponderosa) with some Douglas-

fir (Pseudotsuga menziesii) at higher elevations on north-facing slopes (USDA, 2000).  

Annual precipitation increases with elevation, and is estimated to be only 360-410 mm 

yr-1 at Trumbull and 460-510 mm yr-1 at Kelsey, Nighthawk, Spring Creek, and Upper 

Saloon Gulch (Johnston, 2004). 

 

Table 2.3.  Number of road segments monitored from 2001 to 2006 by study site. 
 

Study site 2001 2002 2003 2004 2005 2006 Totals 
Kelsey 0 0 2 2 2 2 8
Nighthawk 0 0 2 2 2 2 8
Spring Creek 9 12 12 12 11 11 67
Trumbull 3 2 4 4 5 5 23
Upper Saloon Gulch 2 2 2 0 1 1 8

Totals 14 16 22 20 21 21 114
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Figure 2.1.  Map showing the USPR watershed, the roads with monitoring segments, and the long-term weather station at 
Cheesman Reservoir.  
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The nearest long-term weather station is at Cheesman Reservoir, which is 10 km 

southwest of the Trumbull study site at 2,090 m (Figure 2.1).  The mean winter 

temperature from 1948 to 2007 is -2.1°C, and the mean summer temperature is 17.2ºC 

(WRCC, 2008).  The historic mean annual precipitation is 413 mm with about 30% 

falling as snow (WRCC, 2008).  The mean summer precipitation (defined as 1 May to 31 

October) is 280 mm (WRCC, 2008), and convective rainstorms over this period generate 

more than 90% of the annual erosivity (Renard et al., 1997). 

The soils are derived from Pikes Peak granite, and they are gravelly to very 

gravelly coarse sandy loams with no apparent horizons (USDA, 1992).  The soils are 

characterized as having a severe potential for erosion, but infiltration-excess overland 

flow is rare in undisturbed areas (USDA, 1992; Libohova, 2004; Brown, 2008).  In four 

of the study sites (Kelsey, Nighthawk, Spring Creek, and Upper Saloon Gulch) the soils 

are in the Sphinx series, while the soils in the Trumbull study site are in the Kassler series 

(USDA, 1992; Johnston, 2004).  The Kassler series forms a more dissected topography 

than the Sphinx series because the Kassler soils are more susceptible to sheet and gully 

erosion (USDA, 1992). 

 

2.3.3.2. Monitoring Segments 
 

From July 2001 to October 2006 one or more sediment fences (USDA, 2001; 

Robichaud and Brown, 2002; Libohova, 2004) were used to measure the sediment 

production from 14-22 road segments (Table 2.3; Figure 2.2).  To the extent possible, the 

road segments were selected to represent a range of lengths, slopes and contributing 

areas, as first principles and other studies suggest that these factors are important controls  
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Figure 2.2. Photograph of a road segment that was monitored at Spring Creek from 
2001 to 2006.  

 

on road runoff and sediment production (e.g., Luce and Black, 1999; Ramos-Scharrón 

and MacDonald, 2005; Coe, 2006; Sugden and Woods, 2007).  The road segments 

selected for monitoring also had to have a well defined contributing area and a clearly 

defined outlet suitable for installing a sediment fence (Figure 2.2). 

The sediment captured in each sediment fence was manually removed as soon as 

possible after each storm event by shoveling it into 20-L buckets.  The buckets were 

weighed to the nearest 0.1 kg with an electronic scale, and the sediment was then piled 

and thoroughly mixed after weighing.  A 0.5 to 1.0 kg sample was taken from the mixed 

pile, double-bagged in airtight plastic bags, and approximately one-half of this sample 
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was analyzed for percent moisture following Gardner (1986).  The percent moisture was 

used to correct the field-measured wet weights to a dry mass. 

The contributing area of each segment was defined as the active area, which was 

the portion of the road with evidence of regular traffic such as a compacted surface and a 

lack of vegetation.  The contributing area was limited to the active area because there is 

little to no surface erosion from the areas of the road surface without traffic and the 

adjacent undisturbed hillslopes (Libohova, 2004; Brown, 2008).  At the start of each field 

season a cloth tape was used to measure the active width at approximately 10 

systematically-spaced transects.  Each width was multiplied by its associated length, and 

the sum of these values yielded the active area for each road segment.  The total slope of 

each road segment was measured with a clinometer.  Surface cover was measured at the 

start of each field season along the active width transects.  Surface cover was classified at 

a minimum of 10 points per transect to yield at least 100 sample points per segment.  At 

each point the surface cover was classified as bare soil, rock (intermediate axis larger 

than 1.0 cm), litter, live vegetation, or wood (diameter larger than 2.5 cm).   

Soil samples from a depth of 0-2 cm were collected in 2002 and 2007 from the 

active road surface.  In 2002 ten 5-cm diameter cores were taken from the upper, middle, 

and lower section of each road segment, respectively (Libohova, 2004).  Each set of ten 

cores was aggregated, and the particle-size distributions of the three samples from each 

segment were analyzed by dry sieving to 0.125 mm and then using a hydrometer (Gee 

and Bauder 1986; Libohova, 2004).  In 2007 the active road surface was sampled by 

collecting fifteen 100 cm2 square samples.  These samples were systematically-spaced 

following a 45° zigzag pattern superimposed on the road segment.  The 15 samples from 
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each segment were aggregated and dry sieved to 8 mm.  The mass of particles finer than 

8 mm was split with a rifle splitter until there was a pair of subsamples weighing 

approximately 300 g.  One 300 g sample was randomly selected and analyzed by dry 

sieving to 0.063 mm.  The fraction finer than 0.063 mm was not analyzed, as only 7% of 

the mass from the 2002 samples was smaller than 0.063 mm (Libohova, 2004). 

Rill lengths, widths, and depths were measured on each road segment in October 

2006.  Rills were defined as erosion features at least 5.0 m long and 2.0 cm deep.  The 

total length of rills was divided by the contributing area to yield a rill density in m m-2.  

The width and maximum depth of each rill was measured at approximately five 

systematically-spaced locations along the length of each rill, and the cross-sectional area 

was calculated by assuming a triangular shape (equation 2.6): 

 
RCA = (TW*MD)/2        (2.6) 

 
where RCA is the rill cross-sectional area in cm2, TW is the top width in cm, and MD is 

the maximum depth in cm.  The length associated with each cross-sectional area was 

determined by the midpoints between measurements, and the sum of each cross-sectional 

area times its corresponding length yielded the volume of material eroded by each rill. 

The traffic along each road was measured with air-switch traffic counters 

(Diamond Traffic, 2007).  From 2001 to 2004 the record of traffic data was intermittent 

because of vandalism and theft, but the record from 2005 and 2006 was complete.  In 

2005 and 2006 at least one traffic counter was maintained at each study site except Upper 

Saloon Gulch, where there was only one road segment being monitored (Table 2.3).  The 

Spring Creek and Trumbull roads had one counter just after the locked gate at the 
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entrance to the road and a second counter near the end of the road because these two 

roads accounted for nearly 80% of the road segments being monitored (Table 2.3).  The 

traffic data were downloaded monthly from May to October and every 3-4 months from 

November to April.  The mean daily traffic rate was calculated for each segment-year of 

data. 

 

2.3.3.3. Precipitation 
 

Precipitation was measured from 1 May to 31 October using tipping-bucket rain 

gauges with a resolution of 0.25 mm or 0.20 mm (Onset, 2001; Global Water, 2005).  

There was one gauge at each study site except in summer 2006 when five gauges were 

distributed along the Spring Creek road.  Gaps in the rainfall data due to gauge 

malfunctions were filled with data from the nearest rain gauge (Appendix III).  The data 

from each gauge were carefully screened, and any “bounce-back” or double tips were 

eliminated.  Storms were defined as events with at least 1 mm of precipitation separated 

by periods of at least 60 minutes with no precipitation.  The depth, maximum 30-minute 

intensity (I30), and erosivity (EI30) were calculated for each storm following Brown and 

Foster (1987) using the RF program (Petkovšek, 2005).  Summer values were calculated 

by summing the values from 1 May to 31 October. 

 

2.3.3.4. Empirical Models 
 

The sediment production, rainfall, and site characteristic data from 2001 to 2004 

were used to develop empirical models for predicting annual and storm-based sediment 

production, respectively (Brown, 2008).  The annual model was developed using 72 data 
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points and the storm-based model was developed using 250 data points (Brown, 2008).  

The two models were developed using stepwise multiple regression, and the final models 

were selected by the p-values of the independent variables and Mallows’ Cp (SAS 

Institute, 2003; Brown, 2008). 

The empirical model for annual road sediment production is:  

 

aIARSLam 13.0064.04.18.29 +++−=     (2.7) 

 
where ma is annual sediment production in kg yr-1, SL is the segment slope in percent, AR 

is the segment area in m2, and Ia is the summer I30 in mm h-1.  This model had an R2 of 

0.70 and each variable was significant at p<0.05. 

The empirical model for storm-based road sediment production is: 

 

sIBASsm 41.012.0003.08.12 +++−=     (2.8) 

 
where ms is storm-based sediment production in kg, AS is the product of the road segment 

area in m2 and segment slope in percent, B is the percent bare surface cover on the road 

segment, and Is is the storm I30 in mm h-1.  This model had an R2 of 0.46 and again each 

variable was significant at p<0.05. 
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2.4. MODEL INPUTS AND STATISTICAL ANALYSES 
 
2.4.1. WEPP:Road 
 

The Cheesman weather station was selected to generate the stochastic climate 

data for WEPP:Road, but for May to October the measured values from the tipping-

bucket rain gauges were substituted for the historic mean monthly rainfall and number of 

wet days.  The Cheesman weather station is believed to accurately represent the climate 

at the study sites because of its proximity, similar elevation, and the similar values and 

trends observed between Cheesman and the study area from summer 2001 through 

summer 2006 (Libohova, 2004; Pietraszek, 2006; Rough, 2007; Brown, 2008).  Since the 

sediment fences generally were installed in May or early June, the precipitation for the 

first year of monitoring at each study site was set to zero from January through the month 

prior to the installation of the sediment fence.  The predicted sediment production for 

each segment for each year of measured data was calculated as the mean value from 50 

years of simulations. 

The average particle-size distribution for the road segments was 37% gravel, 56% 

sand, and only 7% silt and clay (Table 2.4).  Hence the soil texture for each segment was 

classified as a sandy loam in WEPP:Road because this is the coarsest texture available.  

The soil rock contents determined from the 2002 sampling were used for the segments 

monitored in 2001 and 2002.  For consistency, the soil rock contents from the 2007 

sampling were used for the segments monitored from 2003 to 2006 because eight of the 

segments monitored over this period were not sampled in 2002 (Table 2.4).  The design 

of each road segment was classified following the definitions in the technical 

documentation for WEPP:Road (Elliot et al., 1999) (Table 2.1).  Field measurements 
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were used to define the length, width, and gradient of each segment.  Each segment had a 

native surface.  A low traffic level was assigned to each segment in each year because the 

traffic data indicated that the five roads had light administrative use and the segments had 

less than 10% vegetative cover.   

 

Table 2.4.  Surface particle-size distributions for the road segments with sediment 
fences.  The 2007 values are presented first and the 2002 values are in parentheses.  
NA indicates that the segments were no longer being monitored in 2007. 
 

    Particle-size distribution (%) 
    Gravel Sand Silt and clay 

Study site Segment no. (> 2.00 mm) (0.063 - 2.00 mm) (< 0.063 mm) 
Spring 2        43 (44)             54 (50)          3   (6) 
Creek  4        39 (42)             58 (53)          3   (5) 

  5        43 (41)             52 (48)          5 (11) 
  6        32 (38)             64 (55)          4   (8) 
  7        30 (35)             65 (56)          5 (10) 
  8        36 (28)             61 (63)          3   (9) 
  9        33 (31)             62 (60)          5   (9) 
  10        37 (47)             58 (45)          5   (9) 
  11        40 (51)             54 (42)          6   (8) 
  13      NA (46)           NA (45)        NA (9) 
  14        30 (31)             66 (58)          4 (11) 
  15        24 (21)             65 (63)        11 (16) 

Trumbull 8        33 (46)             62 (49)          5   (5) 
  E1        38            56          5 
  E2        37            59          4 
  E3        31            64          4 
  E4        35            60          5 

Upper Saloon 7        47 (45)            46 (45)          7 (10) 
 Gulch 11      NA (36)          NA (56)        NA (9) 

Nighthawk 1        45            47          7 
  2        47            45          7 

Kelsey 1        32            64          4 
  2        32            62          5 

Mean (s.d.)        37 (6)            56 (7)          7 (2) 
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None of the road segments had fillslopes, so the fillslope lengths and fillslope 

gradients were set to the minimum allowable values of 0.3 m and 0.1%, respectively.  

Similarly, the buffer lengths and buffer gradients were set to the minimum allowable 

values of 0.3 m and 0.1%, respectively, because the 3 to 5 m between the drainage outlets 

and the sediment fences did not function as a buffer because this area was devoid of 

vegetation and too steep for much sediment deposition (Figure 2.2).   

 

2.4.2. SEDMODL2 
 

To the extent possible the factors in SEDMODL2 were parameterized for each 

segment-year of data using the field measurements.  The geology factor was set to the 

maximum value of 5.0 for each road segment because the soils are all derived from 

weathered granite (BCC and NCASI, 2003).  Road segments with rills were considered 

rutted and assigned the maximum road surface factor of 2.0, while the road segments 

without rills were assigned a road surface factor of 1.0 (BCC and NCASI, 2003).  Road 

segments with an average of less than one vehicle per day were assigned a traffic factor 

of 1.0, while road segments that averaged one to five vehicles per day were assigned a 

traffic factor of 2.0 (BCC and NCASI, 2003).  The traffic factors would have been varied 

by year according to the field data; however, none of the mean annual traffic rates for a 

given road segment varied outside of a single traffic factor class.  The contributing area 

and the slope factor of each road segment were calculated from the field measurements.  

The rainfall factors were calculated using the measured rainfall from 1 May to 31 

October, as less than 1% of annual road sediment production occurs from 1 November to 

30 April (Libohova, 2004; Brown, 2008).  The road age factor was 1.0 because all of the 
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roads were more than two years old.  The categorical delivery factor (D) was set to 1.0 

because sediment production was measured at the outlet of each segment.  The predicted 

sediment production was converted from U.S. tons to kilograms for comparison against 

the measured values and the other models. 

 

2.4.3. Empirical Models 
 

The input data for testing the empirical models consisted of the contributing area, 

segment slope, percent bare surface cover, and sediment production for each road 

segment as well as the rainfall at each tipping-bucket gauge for 2005 and 2006.  These 

data were measured as previously described.  The storm-based empirical model was 

tested against the sediment production values from each summer storm with an I30 greater 

than 2.5 mm h-1.  Sediment production values were excluded if they could not be 

associated with one storm (i.e., multiple storms occurred before the sediment could be 

removed).  In order to compare the performance of the storm-based model to the other 

models, the predicted values for each storm were summed to yield annual totals for 2005 

and 2006 that were then compared to the measured values for each segment. 

  

2.4.4. Statistical Analysis 
 

Several statistics were used to evaluate the accuracy of each model because no 

single statistic can fully characterize model performance (Willmott, 1981).  The statistics 

compiled for each model were: (1) the slope (b), intercept (a), and R2 of the least-squares 

linear regression between the measured and the predicted sediment production; (2) the 

Nash-Sutcliffe model efficiency coefficient (R2
eff) (Nash and Sutcliffe, 1970); and (3) the 
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root-mean-square error (RMSE) (Willmott, 1981).  The measured and predicted sediment 

production data were plotted on a log-log scale because of the wide range of measured 

and predicted values, and a value of 0.01 kg was assigned to the road segments that did 

not generate any measurable sediment. 

Sensitivity analyses were conducted to identify the variables in each model with 

the largest effect on sediment production.  Continuous variables were evaluated by 

calculating a relative sensitivity coefficient, RS: 

 
 RS = (ΔFo/Fo)*(Fi/ΔFi)       (2.9) 

 
where Fo is the predicted sediment production for the baseline road segment, ΔFo is the 

difference in predicted sediment production after altering the subject variable, Fi is the 

initial parameter value of the subject variable, and ΔFi is the difference in the parameter 

value of the subject variable.  Variables with higher RS values have a greater effect on 

predicted sediment production (McCuen, 1973).  The sensitivity of categorical variables 

was evaluated by the percent increase or decrease in sediment production for a 

categorical change in the parameter.  When possible, the changes in predicted sediment 

production for the most influential variables were compared to the corresponding 

relationships observed from the field data (McCuen, 1973).   



 33

2.5. RESULTS 
 
2.5.1. Monitoring Segments 
 

The road segments represented a wide range of contributing areas and slopes 

(Table 2.5).  The overall mean segment area was 233 m2 and the range was from 75 m2 to 

527 m2.  The mean slope was 9.5% and segment values ranged from 4% to 18%.  The 

average surface cover for the road segments was 84% bare soil, 13% litter and wood, 2% 

live vegetation, and only 1% rock (Table 2.5).  Surface rills were present on all but two 

segments, and the overall mean rill density was 0.40 m m-2 (Table 2.5). 

Sediment was produced from each of the monitoring segments (Table 2.5).  Mean 

annual sediment production ranged from 0.48 to 7.05 kg m-2 yr-1 for individual segments, 

and the overall mean rate was 3.5 kg m-2 yr-1 (Table 2.5).  Differences in sediment 

production between study sites and between years (Figure 2.3) were largely explained by 

differences in the amount and intensity of summer rainfall (Libohova, 2004; Brown, 

2008).  The differences in sediment production within each study site were best explained 

by differences in segment slopes and the amount of bare soil (Libohova, 2004; Brown, 

2008). 
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Table 2.5.  Mean site characteristics from 2001 to 2006 for the road segments at 
Spring Creek (SC), Trumbull (TRM), Upper Saloon Gulch (USG), Nighthawk (NH), 
and Kelsey (K).  No rill densities are available for segments SC-13, TRM-7, TRM-9, 
and USG-11 because these were not monitored in 2005 or 2006. 

 
        Surface cover (%)     

Segment 
Years 
of data 

Area 
(m2) 

Slope 
(%) 

Bare 
soil Rock

Litter 
and 

wood 
Live 
veg. 

Rill 
density 
(m m-2) 

Mean 
sediment 

production   
(kg m-2 yr-1) 

SC-2 6   212 10 84 0 15 1 0.53 4.66 
SC-4 6   243 8 92 1 4 3 0.32 4.30 
SC-5 6   206 8 91 0 7 2 0.43 2.34 
SC-6 6   177 6 89 0 10 1 0.30 3.40 
SC-7 6   237 9 92 1 5 2 0.49 4.54 
SC-8 6   421 9 92 1 5 2 0.48 3.90 
SC-9 6   380 6 87 0 12 2 0.53 2.64 
SC-10 6     92 4 97 1 1 1 0.26 3.01 
SC-11 6     75 6 93 1 4 2 0.00 0.48 
SC-13 3     98 4 94 0 3 3 - 1.43 
SC-14 5   279 11 89 0 10 1 0.79 5.74 
SC-15 5   267 7 91 0 7 2 0.51 5.36 
TRM-7 1 527 18 63 0 36 1 - 2.80 
TRM-8 6     98 16 84 1 14 1 0.53 7.05 
TRM-9 2 89 16 66 0 34 0 - 0.50 
TRM-E1 4   136 16 86 2 10 2 0.57 5.14 
TRM-E2 4     80 9 66 1 32 1 0.35 2.36 
TRM-E3 4   108 16 86 1 12 1 0.50 6.33 
TRM-E4 2   220 14 87 1 9 3 0.65 6.06 
USG-7 5   224 8 85 0 13 2 0.32 1.49 
USG-11 3   364 10 100 0 0 0 - 2.80 
NH-1 4   428 15 56 1 39 4 0.36 4.32 
NH-2 4   277 16 60 1 36 3 0.43 4.52 
K-1 4   245 4 88 0 7 5 0.20 1.71 
K-2 4   349 5 79 0 9 12 0.33 0.79 

Mean 4.6   233 9.5 84 1 13 2 0.40 3.51 
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Figure 2.3.  Mean annual road sediment production from 2001 to 2006.  The error 
bars indicate one standard deviation.   

 
 
2.5.2. Precipitation 
 

Summer precipitation at Cheesman was substantially below the long-term mean 

of 280 mm in 2001, 2002, 2003, and 2005 (Figure 2.4), and above average in 2004 and 

2006 (Figure 2.4).  For each summer except 2006 the precipitation at the study sites was 

very comparable to the precipitation measured at Cheesman (Figure 2.4), and this 

indicates that the summer precipitation data from Cheesman are generally representative 

of the precipitation at the study sites.   

 



 36

0

50

100

150

200

250

300

350

400

Mean 2001* 2002 2003 2004 2005 2006

1 
M

ay
 to

 3
1 

O
ct

ob
er

 p
re

ci
pi

ta
tio

n 
(m

m
)

 

Figure 2.4.  Long-term mean summer precipitation at Cheessman and summer 
precipitation at Cheesman from 2001 to 2006.  The vertical lines within the grey bars 
show the range of summer precipitation from the tipping-bucket rain gauges at the 
different study sites.  The asterisk indicates that the data for 2001 are only from 1 July 
to 31 October. 

 

Nearly all of the summer rainfall results from localized, short-duration convective 

rainstorms (Libohova, 2004; Brown, 2008).  Over the period of study the mean number 

of storms from 1 May to 31 October was 41, and the range was from 16 to 74.  The mean 

storm depth was 4.8 mm.  Eighty-five percent of the storm events had a maximum 30-

minute intensity (I30) of less than 10 mm h-1 and 96% had an I30 less than 20 mm h-1 

(Figure 2.5).  Only four storms had an I30 greater than 40 mm h-1.  The mean summer I30 

from 2001 to 2004 was 181 mm h-1, while the mean summer I30 was 218 mm h-1 in 2005 

and 299 mm h-1 in 2006 (Table 2.6).   
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Figure 2.5.  Frequency distribution of maximum storm I30 for 910 storms from 2001 
to 2006.  The values above each bar are the number of storms. 

 

The most intense storm was 36 mm of rain at Nighthawk on 14 July 2004, and 

this had an I30 of 64 mm h-1 and an estimated recurrence interval of approximately 7 years 

(D.E. Hall, USFS, pers. comm., 2006).  The maximum I30 for the same storm at the four 

other study sites ranged from 5 mm h-1 to 52 mm h-1, indicating the high spatial 

variability of convective rainstorms in this area. 
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Table 2.6.  Summer precipitation (P) in mm, sum of summer maximum 30-minute 
intensities (ΣI30) in mm h-1, and sum of summer erosivities (ΣEI30) in MJ mm ha-1 h-1 
for each study site from 2001 to 2006.  No data are provided for the Kelsey and 
Nighthawk sites in 2001 and 2002 because these sites were only studied from 2003 to 
2006.   

 
Study site Year P ΣI30 ΣEI30 

Spring Creek 2001 108 151 506 
  2002 158 111 116 
  2003 169 193 318 
  2004 300 326 652 
  2005 199 240 381 
  2006 232 216 151 
Trumbull 2001 63 69 53 
  2002 115 93 73 
  2003 118 132 181 
  2004 196 161 124 
  2005 185 224 352 
  2006 255 280 281 
Upper Saloon Gulch 2001 57 65 58 
  2002 175 199 204 
  2003 155 177 253 
  2004 350 414 622 
  2005 156 226 191 
  2006 258 475 902 
Kelsey 2001 - - - 
  2002 - - - 
  2003 99 122 278 
  2004 308 316 782 
  2005 209 234 288 
  2006 275 243 252 
Nighthawk 2001 - - - 
  2002 - - - 
  2003 65 84 218 
  2004 281 282 1075 
  2005 204 168 210 
  2006 304 279 335 

 

 



 39

2.5.3. WEPP:Road Performance 
 
 Predicted sediment production using WEPP:Road was poorly correlated with the 

measured values (R2=0.28) (Figure 2.6; Table 2.7).  The R2
eff was -0.54, which indicates 

that the mean value better predicted road segment sediment production than the model.  

The slope (b) of the regression between the predicted and measured values was only 0.05 

(Table 2.7) because WEPP:Road over-predicted the lowest sediment production rates and 

progressively under-predicted all of the sediment production rates larger than 60 kg yr-1 

(Figure 2.6).  The overall RMSE was 1147 kg yr-1, or about 1.4 times the mean measured 

value of 808 kg yr-1.    
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Figure 2.6.  Predicted annual road segment sediment production using WEPP:Road 
versus the measured values (n=114). 
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Table 2.7.  Summary statistics for the performance of WEPP:Road and SEDMODL2 
from 2001 to 2006, the annual empirical model for 2005 and 2006, the storm-based 
empirical model for storms in 2005 and 2006, and the annual totals from the storm-
based empirical model.   

 

Statistic WEPP:Road SEDMODL2 
Annual 

empirical 

Storm-
based 

empirical 

Storm-
based 

empirical, 
summed 

R2 0.28 0.42 0.20 0.32 0.25 

R2
eff -0.54 0.31 0.14 0.27 -0.50 

b (slope) 0.05 0.37 0.29 0.42 0.68 

a (intercept) (kg yr-1) 33 216 499 47 405 

RMSE (kg yr-1) 1147 765 734 95 854 

n 114 114 42 573 42 
 

 

2.5.4. SEDMODL2 Performance 
 

SEDMODL2 more accurately predicted road segment sediment production than 

WEPP:Road, as the R2 was 0.42 and the R2
eff was 0.31 (Figure 2.7; Table 2.7).  As with 

WEPP:Road, SEDMODL2 over-predicted lower sediment production values and under-

predicted the higher values (Figure 2.7), but the magnitude of this trend was much less as 

indicated by the regression slope of 0.37 versus 0.05 for WEPP:Road.  The overall 

RMSE was 765 kg yr-1, or about 5% less than the mean measured value (Table 2.7). 

 



 41

0.1

1

10

100

1000

10000

0.1 1 10 100 1000 10000

Measured sediment production (kg yr-1)

Pr
ed

ic
te

d 
se

di
m

en
t p

ro
du

ct
io

n 
(k

g 
yr

-1
) 

1:1 line

 
 
Figure 2.7.  Predicted annual road segment sediment production using SEDMODL2 
versus the measured values (n=114). 

 

2.5.5. Empirical Model Performance 
 

The performance of the empirical model for annual road sediment production fell 

between WEPP:Road and SEDMODL2.  The R2 was 0.20 and the R2
eff was 0.14 (Table 

2.7), indicating that the annual empirical model was only slightly better than simply using 

the mean value.  The slope of the best-fit regression line was 0.29, and this also fell 

between the values of 0.05 for WEPP:Road and 0.37 for SEDMODL2 (Figure 2.8; Table 

2.7).  The RMSE for the annual empirical model of 734 kg yr-1 is very comparable to the 

RMSE of 765 kg yr-1 for SEDMODL2 (Table 2.7).  
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Figure 2.8.  Predicted road segment sediment production using the annual empirical 
model versus the measured values from 2005 and 2006 (n=42). 

 

The R2
eff of 0.14 for the annual empirical model is surprisingly low given that the 

same road segments were used to develop and validate this model.  To better compare the 

performance of the three models that predicted annual sediment production, both 

WEPP:Road and SEDMODL2 were tested against just the 2005 and 2006 data, and the 

corresponding R2
eff values decreased to -0.98 and 0.00, respectively.  The higher R2

eff of 

the empirical model for these two years suggests that it may be the most accurate 

predictor of road sediment production.   

There was considerable scatter between the predicted and measured storm-based 

sediment production values (Figure 2.9), but the R2
eff of 0.27 (Table 2.7) indicates that 

this visually greater scatter is at least partly due to the larger sample size (n=573).  The  
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Figure 2.9.  Predicted road segment sediment production using the storm-based 
empirical model versus the measured values from 2005 and 2006 (n=573). 

 

slope of the regression between the predicted and measured values was 0.42, and this 

indicates a weaker tendency to over-predict the low values and under-predict the high 

values than either WEPP:Road or SEDMODL2 (Table 2.7).  It is of interest that the 

storm-based empirical model predicted more than 10 kg of sediment for 78% of the 173 

data points with no measured sediment production (Figure 2.7). 

The storm-based empirical model was less successful in predicting annual 

sediment production, as the R2
eff for the summed values for each road segment for each 

year dropped to -0.50 (Table 2.7; Figure 2.10).  However, the regression slope of 0.68 

was much higher than the regression slopes calculated for WEPP:Road and SEDMODL2 



 44

(Table 2.7).  The overall RMSE of 854 kg yr-1 was 26% lower than the RMSE for 

WEPP:Road and 12% higher than the RMSE for SEDMODL2 (Table 2.7). 
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Figure 2.10.  The sum of predicted storm-based values for each segment for each year 
versus the measured annual sediment production from 2005 and 2006 (n=42). 
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2.6. DISCUSSION 
 
2.6.1. Sources of Error 
 

Differences between the measured and predicted road sediment production values 

can result from model errors, errors in the input data, and errors in the measured sediment 

production (“output data”) (Nearing et al., 1999).  Model errors occur when the 

governing equations are inaccurate, or when a lumped parameter value does not represent 

the variability of a parameter within a plot or over time (Beven, 2000).  Errors in the 

input and output data are caused by inaccurate measurements.  The uncertainty of several 

key inputs and outputs were quantified as part of this study, and this allows some 

separation of model errors from measurement errors.  The following section evaluates the 

potential measurement errors for key variables.  The remaining discrepancy between the 

predicted and measured values can then be ascribed to model errors, and to the extent 

possible these are evaluated by comparing the results of the sensitivity analyses to the 

corresponding relationships from the field data.      

 

2.6.2. Measurement Errors 
 
 In the present study the errors in most of the input variables can be assumed to be 

relatively small, as the road segment length, area, slope, surface cover, soil texture, 

traffic, and rill density were all measured in the field.  The rainfall and sediment 

production measurements typically have the greatest amount of uncertainty (Nearing et 

al., 1999; Hastings et al., 2005).  Comparable tipping-bucket rain gauges were maintained 

at each study site, and the rainfall data were carefully checked for identifiable errors such 

as double tips and missing data.  Since nearly all road sediment production results from 
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localized convective rainstorms, the greatest uncertainty with respect to precipitation is 

the extent to which the data from a tipping-bucket rain gauge can be extrapolated to the 

area being represented by that gauge. 

Most of the road segments were within 1 km of a tipping-bucket rain gauge, but 

from 2001 to 2005 there was only one rain gauge along the 7 km Spring Creek road.  

This means that two segments at Spring Creek were about 2.5 km away from the nearest 

rain gauge, and on several occasions large amounts of sediment were produced from the 

road segments at one end of the Spring Creek road while no sediment was generated from 

the road segments at the other end of the road. 

In 2006 five tipping-bucket rain gauges were maintained along the Spring Creek 

road.  The minimum distance between two rain gauges was 0.7 km and the maximum 

distance was 4.1 km, and all of the segments being monitored were within 1 km of a rain 

gauge.  There were 56 storms at Spring Creek in summer 2006, but the largest storm was 

only 18.4 mm and the highest I30 was only 13.6 mm h-1.  On a storm-by-storm basis the 

measured rainfall and I30 at the different gauges varied by up to a factor of two.  Over the 

entire summer, however, the total rainfall and the sum of I30 tended to average out, as the 

coefficient of variation (CV) among the five gauges was only 18% for total summer 

rainfall and 9% for the sum of summer I30.   

The lower spatial variability for the summer totals might be expected to result in 

more accurate predictions of annual sediment production than the storm-based values.  

The problem is that over 50% of annual road sediment production can be generated by 

the largest storm events, and the high spatial variability in precipitation for these storms 

causes a correspondingly high spatial variability in the annual sediment production 
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values.  Hence the uncertainty in the storm-based precipitation values has a large effect 

on the accuracy of the predicted annual sediment yields along the Spring Creek road from 

2001 to 2005. 

 The accuracy of the measured sediment yields is probably the second largest 

potential source of measurement error.  There are two main sources of error associated 

with using sediment fences to measure sediment production: (1) the loss of suspended 

sediment in the water flowing through or over the geotextile sediment fence; and (2) the 

loss of sediment after the capacity of the fence is exceeded (“overtopping”).  The size of 

sediment particles that can pass through the fence fabric is controlled by the tightness of 

the weave (Robichaud and Brown, 2002).  On average the soils on the road segments had 

only 7% silt and clay particles (Table 2.4), and the prevalence of coarse particles greatly 

decreases the settling time and increases the catch efficiency of the sediment fence 

(Munson, 1989).  Field observations indicate that very little water passes through the 

fence fabric, so the pass-through losses of suspended sediment are believed to be minor 

relative to the potential losses due to overflowing and overtopping. 

Water typically flowed over the top of the sediment fences when there was more 

than 5 mm of precipitation.  The sediment fences were constructed to direct the overflow 

over the center of the fence so that coarse sediment was not lost around the sides of the 

fence (Figure 2.11).  In summer 2005 a sample of the overflow was collected from a road 

segment at Spring Creek during a 5.8 mm storm with an I30 of 10.2 mm h-1.  The lab 

analysis of this sample yielded a sediment concentration of 1860 mg L-1, while 103 kg of 

sediment was captured by the sediment fence.  Flow data are not available, but if one 

assumes a relatively high runoff coefficient of 67%, this 380 m2 road segment would  
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Figure 2.11.  Excess storm runoff flowing over each of three sediment fences below a 
road segment at Spring Creek. 

 

have generated 1480 L of water.  Multiplying this volume times the measured suspended 

sediment concentration of 1860 mg L-1 yields a net loss of only 3 kg of sediment. 

Sediment production also can be underestimated as sediment accumulates in the 

fence because the settling time will be reduced.  Once filled to capacity, any additional 

sediment will simply pass over the top of the fence.  The storage capacities of the 

sediment fences installed in this project were typically 1.0 to 1.5 Mg.  Over the course of 

the study the maximum sediment production from a single storm at any segment was 

1465 kg, and in only nine cases did the storm-based sediment production exceed 1000 kg.  

At seven locations there was a second or even a third sediment fence installed when a 

road segment was expected to produce large amounts of sediment (Figure 2.11).  Since 
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the first sediment fence was never completely filled with sediment, overtopping was not a 

problem and the settling time was not severely reduced. 

The efficiency of the sediment fences also was evaluated by comparing the 

sediment captured in successive sediment fences for 3 to 8 storm events ranging from 4.2 

mm to 21.2 mm for the seven road segments with two or more sediment fences.  On 

average, 93% of the total mass of sediment eroded from a road segment was trapped by 

the first fence (Figure 2.12).  The minimum proportion of sediment in the first fence was 

76%, and in 3 of 36 cases all of the sediment was captured in the first fence (Figure 2.12).  

These values are comparable to the 73-100% efficiencies reported for sediment fences on 

fallow agricultural plots (Robichaud and Brown, 2002).  Surprisingly, the mean 

proportion of sediment in the first fence was 83% for storms that produced less than 100 

kg of sediment and 90% for storms that generated more than 100 kg of sediment.  This 

result is probably due to the tendency for the smaller storm events to only erode and 

transport the smaller particles, leading to a higher trap efficiency for the larger storm 

events that erode larger particles with a faster settling velocity (Munson, 1989). 

These evaluations indicate that the largest error in the input and output data is the 

uncertainty in rainfall for the road segments that were furthest from the rain gauge at 

Spring Creek from 2001 to 2005.  For WEPP:Road and SEDMODL2 this is less of an 

issue because they respectively use monthly and annual depth of precipitation, and the 

relative spatial variability for these values is much less than for individual storms.  This 

indicates that the large differences between the measured sediment production and the 

values predicted with WEPP:Road and SEDMODL2 are primarily a result of model 

errors rather than measurement errors.   
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Figure 2.12.  Mass of sediment trapped in the first sediment fence vs. the total mass 
of sediment trapped in one or two backup fences for 3 to 8 storms on 7 road segments 
(n=36). 

 

Rainfall measurement errors are a more important issue for the annual and storm-

based empirical models because summer I30 and storm I30 are inputs for each model, 

respectively.  Although the two-fold variability of storm I30 at Spring Creek in 2006 

decreased when the storm values were summed over the summer, the nonlinear 

relationship between storm I30 and sediment production means that the rainfall 

measurement errors for individual storms can still have a substantial effect on the 

accuracy of predicted annual sediment production. 
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2.6.3. Model Performance in Wet Years versus Dry Years 
 

WEPP:Road and SEDMODL2 were poor predictors of sediment production on a 

year-by-year basis (Table 2.7), but prediction accuracy is more critical for wet years than 

dry years because most road erosion occurs during the wetter years (Libohova, 2004; 

Brown, 2008).  For WEPP:Road there was little difference in the R2
eff values for the two 

wet years (-0.67) and the four dry years (-0.57) (Table 2.8).  As would be expected, the 

RMSE dropped from 1467 kg yr-1 in the wet years to 919 kg yr-1 in the dry years (Table 

2.8).  The performance of SEDMODL2 was generally better for the wet years than the 

dry years as indicated by the higher R2
eff (0.37 for the wet years and 0.16 for the dry 

years) and better slope of the regression line (0.40 vs. 0.27) (Table 2.8).  The better 

performance of SEDMODL2 in wetter years suggests that its performance should not 

degrade for longer datasets where the wetter years are more likely to account for a larger 

proportion of the long-term sediment yield.   

 

Table 2.8.  Statistics comparing the performance of WEPP:Road and SEDMODL2 
for all years (2001-2006), wet years (2004 and 2006), and dry years (2001-2003, 
2005). 
 

  WEPP:Road SEDMODL2 

Statistic 
All 

years 
Wet 
years 

Dry 
years 

All 
years 

Wet 
years 

Dry 
years 

R2 0.28 0.37 0.15 0.42 0.43 0.33 

R2
eff -0.54 -0.67 -0.57 0.31 0.37 0.16 

b (slope) 0.05 0.05 0.04 0.37 0.40 0.27 
a (intercept) (kg yr-1) 33 37 35 216 348 193 
RMSE (kg yr-1) 1147 1467 919 765 903 672 
n 114 41 73 114 41 73 
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2.6.4. Sensitivity of WEPP:Road and Possible Improvements 
 

A sensitivity analysis of WEPP:Road was conducted as a first step towards the 

evaluation of model errors.  If the predicted effect of key variables on sediment 

production is inconsistent with the corresponding relationships derived from the field 

data, this suggests that one or more of the governing equations are incorrect.  The 

baseline road segment for the sensitivity analysis of WEPP:Road was based on mean site 

characteristics of the road segments in this study: native surface, sandy loam soil texture 

with a soil rock content of 37%, 70.3 m long, 3.2 m wide, 9.5% gradient, outsloped 

design with ruts, and low traffic. 

 

2.6.4.1. Rainfall 
 
 The sensitivity of WEPP:Road to annual precipitation was evaluated by 

increasing and decreasing the mean monthly precipitation at Cheesman by 100% at 25% 

intervals.  The results show a nonlinear increase in predicted sediment production with 

increasing annual precipitation (Figure 2.13).  For the baseline road segment doubling the 

mean annual precipitation at Cheesman more than doubled the predicted sediment 

production from 72 kg yr-1 to 153 kg yr-1 (Figure 2.13).  Reducing the mean monthly 

precipitation values to 0 mm still resulted in a mean sediment production rate of 37 kg 

yr-1 (Figure 2.13) because the annual precipitation in the 50 years of simulated climate 

still ranged up to 375 mm.  This result helps explain the decline in sensitivity as the mean 

annual precipitation decreases, as most of the sediment is still generated by the wetter 

years in the 50 years of simulated climate. 
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Figure 2.13.  Predicted annual sediment production for the baseline road segment 
using WEPP:Road versus mean annual precipitation at Cheesman. 

     

The predicted change in sediment production shown in Figure 2.13 was compared 

to the regressions between annual road sediment production and summer rainfall, summer 

I30, and summer erosivity for each road segment with at least four years of data (n=20).  

Annual sediment production generally increased nonlinearly with increasing 

precipitation, and these relationships were much stronger for summer I30 (mean R2=0.70) 

and summer erosivity (mean R2=0.63) than summer rainfall (mean R2=0.39).  Since the 

coefficients and exponents from the fitted power functions for these 20 segments were 

log-normally distributed, the median values were used to develop the following equation 

between summer rainfall and annual sediment production:  

 
 SPA = 0.0004(P)1.70        (2.10) 
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where SPA is annual sediment production per unit area (kg m-2 yr-1) and P is summer 

rainfall (mm).  Equation 2.10 indicates that doubling the summer rainfall from the 

historic mean value of 280 mm should increase sediment production for the baseline road 

segment by 3.2 times, or 52% more than is predicted by WEPP:Road.  This suggests that, 

at least for the Cheesman climate, the predicted increases in sediment production in 

WEPP:Road with increasing mean annual precipitation are too small. 

 The sediment production values for each year of the 50-year simulations for each 

road segment were obtained from the developers of WEPP:Road, and these values were 

used to further explore the relationship between annual precipitation and predicted 

sediment production.  The maximum summer precipitation that was measured at any of 

the study sites was 350 mm, or 25% higher than the historic summer mean at Cheesman.  

According to the 50 years of simulated climate, 350 mm yr-1 has a recurrence interval of 

only 3 years, so none of the measured values represented a very wet year. 

 Each of the 114 measured sediment production values was compared to the 50 

predicted values in WEPP:Road.  In 87 cases the measured value was larger than all 50 of 

the predicted values.  In 27 cases the predicted sediment production exceeded the 

measured value for one or more of the 50 years of simulation, but just over half of these 

cases were in the very dry year of 2002, when the mean summer precipitation at the study 

sites was less than 50% of the historic mean.  These results indicate that the tendency for 

WEPP:Road to under-predict road sediment production is much more severe than 

indicated by the simple comparison of the measured and the mean predicted values, as a 

very wet summer during the study period would have greatly increased the measured 
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sediment production and hence the discrepancy between the predicted and observed 

values at the upper end of Figure 2.6. 

 

2.6.4.2. Soil Rock Content and Soil Texture 
 

Increasing the soil rock content caused an exponential increase in predicted 

sediment production until the soil rock content exceeded 50% (Figure 2.14).  Increasing 

the soil rock content beyond 50% had no effect on predicted road sediment production 

(Figure 2.14).  The initial increase in predicted sediment production with increasing soil 

rock content is due to the decrease in porosity and the increased tortuosity of the 

subsurface flow paths (Flanagan and Nearing, 1995).  These changes decrease the 

hydraulic conductivity and increase the magnitude and frequency of overland flow. 
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Figure 2.14.  Predicted annual sediment production for the baseline road segment 
versus soil rock content. 
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An analysis of the field data showed that an increase in soil rock content was 

correlated with a very weak but marginally significant decrease in unit area sediment 

production (r = -0.18; p=0.054).  Similar trends have been documented for road erosion 

studies in Montana (Sugden and Woods, 2007) and California (Coe, 2006) as well as a 

hillslope erosion study in Spain (Cerda, 2001).  These decreases in sediment production 

with increasing soil rock content are probably due to the greater proportion of coarse 

particles on the surface, which dissipate rainsplash energy, increase the critical shear 

stress, and increase surface roughness (Knighton, 1998; Luce and Black, 1999; Cerda, 

2001).  The underlying WEPP model has a factor to account for surface rock cover, but it 

seems that some modifications are needed in WEPP:Road to ensure that increasing the 

soil rock content will increase the surface rock cover or otherwise decrease road sediment 

production. 

The effect of soil texture was assessed by calculating sediment production from 

the baseline road segment for each of the four soil texture classes in WEPP:Road.  The 

sandy loam soil had the lowest sediment production at 72 kg yr-1.  Changing the soil 

texture to a clay loam, silt loam, and loam increased the predicted sediment production by 

73%, 95%, and 116%, respectively.  The low sediment production value for the sandy 

loam soil can be attributed to the low silt content relative to the other three soil texture 

classes (Elliot et al., 1999).  However, road sediment production in this study did not 

increase with increasing amounts of silt and clay (p=0.63).  Since the road surfaces in this 

study averaged only 7% silt and clay particles (Table 2.4), the high sediment production 

values measured in this study cannot be attributed to a relatively high proportion of easily 

erodible silt-sized particles.  The implication is that the convective thunderstorms in the 
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study area have a much greater ability to detach and transport larger particles than is 

predicted by WEPP:Road.   

 

2.6.4.3. Road Segment Slope 
 

Doubling the mean road segment slope from 9.5% to 19% increased the predicted 

sediment production for the baseline road segment from 72 kg yr-1 to 125 kg yr-1, or 74%.  

Halving the segment slope relative to the baseline segment to 4.8% reduced the predicted 

sediment production by 51%.  Regardless of the absolute change in segment slope for the 

baseline segment, RS values ranged from only 0.75 to 1.25.  A plot of the predicted 

sediment production values against road segment slope shows that WEPP:Road predicts a 

linear increase as indicated by the best-fit regression (equation 2.11; R2=0.99): 

    
SPP = 6.77(S) + 1.51        (2.11) 

 
where SPP is the predicted sediment production (kg yr-1) and S is road segment slope (%).  

Predicted sediment production also increased linearly with segment slope for the wetter 

Corvallis, Oregon and Clearwater, Washington climates (R2=1.0).  

An analysis of the field data showed that 54% of the variability in unit area road 

sediment production can be explained by segment slope (Figure 2.15).  The field data 

also indicates a linear relationship between sediment production and segment slope as 

predicted by WEPP:Road.  However, other road erosion studies have found a nonlinear 

relationship between road sediment production and segment slope (e.g., Luce and Black, 

1999; Ramos-Scharrón and MacDonald, 2005), indicating that the governing equations 
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Figure 2.15.  Mean annual sediment production for each road segment versus road 
segment slope (n=21). 

 

using segment slope in WEPP:Road are likely to limit the accuracy of this model in other 

study areas. 

 

2.6.4.4. Traffic   
 

The sensitivity analysis showed that changing the traffic class for the baseline 

road segment from low to high increased the predicted sediment production by 3.24 

times, while changing the traffic class from low to none decreased the predicted sediment 

production by only 3%.  In this study all the segments were classified as having low 

traffic in WEPP:Road because the long-term mean number of vehicles per day ranged 

from 0.3 at Nighthawk to 3.2 at the entrance to the Spring Creek road.  The roads were 
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not placed in the high traffic class because they did not have “considerable traffic during 

much of the year” (Elliot et al., 1999).  They also did not have the 50% or more vegetated 

surface cover that would be needed for them to be categorized as having no traffic (Elliot 

et al., 1999).   

A univariate analysis of the field data showed a weak positive correlation between 

the mean traffic rate and mean annual unit area sediment production (r=0.04; p<0.001).  

After normalizing measured sediment production by contributing area and summer 

erosivity, the road segments that averaged 3.2 vehicles per day produced 2.1 times as 

much sediment as the segments that averaged only 0.3 vehicles per day.  Although none 

of the road segments met the criteria for having no traffic in WEPP:Road, the doubling of 

normalized sediment production as the number of vehicles per day increased from 0.3 to 

3.2 suggests that WEPP:Road is under-predicting the increase in sediment production due 

to an increase in the traffic level from none to low. 

 

2.6.5. Sensitivity of SEDMODL2 and Possible Improvements 
 
 The relatively simple structure of SEDMODL2 facilitated comparisons of the 

sensitivity analyses against the field data as well as other road erosion studies.  The 

baseline road segment for the sensitivity analyses also was based on the mean parameter 

values from this study, and in terms of SEDMODL2 these were a length of 70.3 m, a 

width of 3.2 m, a slope of 9.5%, a geology factor of 5.0, a road age factor of 1.0, a road 

surface factor of 1.95, a traffic factor of 1.59, and 208 mm of summer rainfall.  The linear 

structure of SEDMODL2 means that doubling the value of any factor will double the 

predicted sediment production.  However, the slope and rainfall factors are calculated by 
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power functions with exponents of 2.0 and 1.5, respectively, so changing the road 

segment slope or the annual rainfall has a nonlinear effect on the predicted sediment 

production. 

 

2.6.5.1. Slope Factor 
 

Doubling the road segment slope from 9.5% to 19% increased the predicted 

sediment production for the baseline road segment from 465 kg yr-1 to 1860 kg yr-1, or 

exactly 4.0 times.  In contrast to WEPP:Road, the RS values increased as the road 

segment slope increased, ranging from 1.25 for a segment slope of 2.4% to 3.0 for a 

segment slope of 19%.  This increase in RS with increasing slope is due to the nonlinear 

relationship that defines the segment slope factor (equation 2.2).   

Other studies have shown that the product of road segment length (or area) times 

segment slope, raised to a power from 1.5 to 2.0, is an important predictor for road 

sediment production (Luce and Black, 1999; Ramos-Scharrón and MacDonald, 2005).  

While SEDMODL2 does not directly account for the interaction between segment length 

or area and segment slope, the area-slope relationship is indirectly incorporated into the 

model by multiplying the nonlinear slope factor by the road segment area.  The problem 

is that in this study road segment slope was linearly related to the unit area road sediment 

production (Figure 2.15), and this linear relationship conflicts with the nonlinear 

governing equation in SEDMODL2.   

While the field data indicate that the accuracy of SEDMODL2 could be improved 

by using a linear slope factor, the current nonlinear predictive equation for the slope 

factor (equation 2.2) can be optimized using the field data.  To this end the base segment 
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slope and exponent in equation 2.2 were optimized against the field data as indicated by 

the Nash-Sutcliffe efficiency, and this yielded a slightly lower base segment slope of 

6.7% and a smaller exponent of 1.7.  The tendency for SEDMODL2 to under-predict 

road sediment production (Figure 2.7) suggests that the optimized nonlinear slope factor 

should have had a lower base segment slope and a larger exponent.  Nevertheless, using 

this revised nonlinear slope factor improved the R2
eff of SEDMODL2 from 0.31 to 0.37, 

indicating that other factors besides the segment slope also are limiting the performance 

of SEDMODL2 in the study area.   

 

2.6.5.2. Geology Factor 
 

The geology factors in SEDMODL2 were derived from previous road erosion 

studies (Dryess, 1975; Reid and Dunne, 1984; Swift, 1984; Vincent, 1985; Kochenderfer 

and Helvey, 1987; Bilby et al., 1989; Foltz, 1996; Megahan and Ketcheson, 1996; Luce 

and Black, 1999).  The mean geology factor for each of these studies was calculated by 

dividing the measured road sediment production by the traffic, rainfall, slope, and road 

surface factors (BCC and NCASI, 2003).  Most of the road erosion studies had a geology 

factor of about 1.0; however, studies in areas with granite, schist, and weathered 

sedimentary geologies had geology factors as high as 17 (BCC and NCASI, 2003).  The 

maximum recommended geology factor in the technical documentation is 5.0 (BCC and 

NCASI, 2003), and this value was used for each road segment in the present study 

because the soils are all derived from weathered granite.   

The selected geology factor of 5.0 was checked by back-calculating the geology 

factor for each segment-year of data by dividing the measured sediment production 



 62

values by the slope, road surface, traffic, and rainfall factors (BCC and NCASI, 2003).  

The resulting mean and median geology factors were 10.1 and 7.0, respectively, and 

values for individual segments in a given year ranged from 0 to 81.  These results 

indicate that the recommended geology factor of 5.0 is too low.  Since a value of 5.0 is 

the maximum allowed in SEDMODL2, the range of possible values should be expanded 

to account for more erodible lithologies such as the Pikes Peak granite. 

 

2.6.5.3. Road Surface Factor 
 

In SEDMODL2 the presence of ruts on the road surface doubles the road surface 

factor and hence the predicted sediment production when compared to the same native 

surface road segment without ruts.  However, rutting on native surface forest roads in 

Idaho and Colorado increased sediment production by 2-5 times (Foltz and Burroughs, 

1990).  Other studies have shown that rill erosion can account for up to 80% of the 

sediment being produced from cultivated lands (Valcarcel et al., 2003) and burned 

hillslopes (Pietraszek, 2006). 

In this study the road segments with a rill density greater than 0.0 m m-2 were 

considered rutted and assigned the maximum road surface factor of 2.0 (Table 2.5).  The 

field data show that the mean annual sediment production for each segment was strongly 

related to rill density (R2=0.57; p<0.0001) (Figure 2.16).  According to this relationship, 

a road segment with the highest measured rill density of 0.79 m m-2 should generate 

nearly 20 times more sediment than a segment without any rills.  Both the literature and 

these values indicate that SEDMODL2 underestimates the effect of concentrated flow 

paths and rutting on road segment sediment production.  A reformulation of the RS factor  
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Figure 2.16.  Mean annual sediment production for each segment versus rill density 
(n=21). 

 

in SEDMODL2 to increase the values for road segments with higher rill densities and 

decrease the values for unrilled segments should improve the overall performance of the 

model by effectively increasing the slope of the best-fit regression in Figure 2.7. 

 
2.6.5.4. Traffic Factor 
 

The traffic factor is one of the most important variables in SEDMODL2 because 

the values can range from 0.1 for roads with no traffic to 120 for 12-m wide roads with 

more than five log trucks per day (BCC and NCASI, 2003).  Field studies have shown 

that increasing traffic can greatly increase road sediment production (e.g., Reid and 

Dunne, 1984; Constantini et al., 1999; MacDonald et al., 2001; Ziegler et al., 2001).  This 

increase is due to the resulting increase in the amount of easily erodible sediment by 
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particle breakdown and the pumping of fines to the surface by the weight of the vehicles 

(Reid and Dunne, 1984; Ziegler et al., 2001; Ramos- Scharrón and MacDonald, 2005).  

The documentation for SEDMODL2 (BCC and NCASI, 2003) states that the traffic 

factors were developed using road erosion data from the Pacific Northwest (Reid and 

Dunne, 1984; Foltz, 1996; WDNR, 1997), but the relative values for high versus low 

traffic roads indicate that they were derived primarily from the data in Reid and Dunne 

(1984). 

The maximum traffic factor in this study was 2.0 because none of the mean 

annual traffic rates exceeded 5 vehicles per day (BCC and NCASI, 2003).  Forty-seven of 

the 114 segment-years of data had a traffic factor of 1.0 because the mean traffic rate was 

less than one vehicle per day.  After normalizing the mean annual sediment production 

for each segment by contributing area and summer erosivity, the road segments with a 

traffic factor of 2.0 produced 2.1 times as much sediment as the segments with a traffic 

factor of 1.0.  This two-fold increase is nearly identical to the predicted increase using 

SEDMODL2, indicating that the lower range of the traffic factors in SEDMODL2 are 

accurate for the Colorado Front Range. 

 

2.6.5.5. Rainfall Factor 
 

The equation for calculating the rainfall factor in SEDMODL2 is a power 

function (equation 2.3), and this is based on data from the Pacific Northwest (Luce and 

Black, 1999) and the Appalachian Mountains (Swift, 1984).  Equation 2.3 also uses 

annual rainfall rather than total precipitation because road sediment production from 

snowmelt is nearly an order of magnitude lower than the sediment generated from an 
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equivalent amount of rainfall (Vincent, 1985; BCC and NCASI, 2003).  The field data 

collected for this study showed that snowmelt did not generate any sediment (Libohova, 

2004; Brown, 2008), which is why only summer rainfall was used to calculate the rainfall 

factor in SEDMODL2. 

Equation 2.3 indicates that if the rainfall for the baseline road segment is doubled 

from the mean value of 208 mm to 416 mm, the predicted sediment production increases 

from 465 kg yr-1 to 1316 kg yr-1, or 2.83 times.  Like the slope factor, the nonlinear 

equation for calculating the rainfall factor causes RS to increase from 1.17 when there is 

52 mm of rainfall to 1.83 when there is 416 mm of rainfall.  As a result, wetter years are 

predicted to have a proportionally larger effect on cumulative sediment production than 

drier years.  This nonlinear effect of increasing precipitation is consistent with some road 

erosion studies (e.g., Swift, 1984; Luce and Black, 2001), while other road erosion 

studies have shown a linear relationship between precipitation and road sediment 

production (Libohova, 2004; Ramos-Scharrón and MacDonald, 2005; Coe, 2006; Brown, 

2008).  This implies that the rainfall factor in SEDMODL2 may have to be adjusted for 

different areas. 

An analysis of the field data yielded a significant nonlinear relationship between 

summer rainfall and unit area road sediment production (R2=0.39; p<0.0001) (equation 

2.10).  Doubling the mean summer rainfall from 208 mm to 416 mm in equation 2.10 

increases the expected sediment production value by 3.24 times.  This increase is only 

slightly more than the 2.83-fold increase predicted by the nonlinear function in 

SEDMODL2, and this indicates that equation 2.3 is relatively accurate for the study area. 
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The field data also were used to optimize the coefficient and exponent values in 

equation 2.3.  By increasing the coefficient in equation 2.3 from 0.016 to 0.035 and 

decreasing the exponent from 1.5 to 1.3, the R2
eff of SEDMODL2 was improved from 

0.31 to 0.39.  A potentially much greater improvement in the performance of 

SEDMODL2 might be possible in monsoon-dominated climates by substituting summer 

I30 or summer erosivity for the summer rainfall, as these are much more closely 

correlated with annual road sediment production (R2=0.63-0.70) than total summer 

rainfall (R2=0.39). 

 

2.6.5.6. Revisions to SEDMODL2 

The previous sections have shown that the slope, geology, and road surface 

factors in SEDMODL2 are not consistent with the field data, while the traffic and rainfall 

factors are close to the relationships identified from the field data.  A potential problem is 

that the suggested improvements were identified on a factor-by-factor basis, and these 

changes have to be integrated into a revised version of SEDMODL2 to determine if they 

result in a substantial net improvement in model performance.   

A revised version of SEDMODL2 was developed by combining the suggested 

improvements to the slope, geology, and rainfall factors.  The linear slope factor, road 

surface factor based on rill density, and rainfall factor based on erosivity will require 

converting the sediment production values in the calculated regressions to factor values, 

and this will require a more extensive effort by the model developers.  As noted earlier, 

substituting the optimized base and exponent values into the slope factor equation 

increases the Nash-Sutcliffe efficiency from 0.31 to 0.37.  If SEDMODL2 is further 
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modified by using the optimized coefficient and exponent values for the rainfall factor, 

the R2
eff is further improved to 0.42.  However, if the geology factor is increased to the 

back-calculated median value of 7.0 while using the updated slope and rainfall factors the 

R2
eff drops to 0.11.  This indicates that the factor-by-factor analyses used in this study are 

useful for identifying the limitations of SEDMODL2, but a more integrated effort will be 

needed to assess how altering one factor will affect the performance of each of the other 

factors.  Overall, SEDMODL2 now provides a reasonable first approximation for road 

sediment production in the study area and presumably similar environments, but 

additional work is needed to develop a fully optimized version of SEDMODL2 for the 

Colorado Front Range and other monsoon-dominated areas.   

 

2.6.6. Empirical Models 
 

The two empirical models for predicting annual and storm-based road sediment 

production were conceptually very similar.  Both models included a length*slope or 

area*slope variable, which makes physical sense because the amount of runoff increases 

with road segment length or area, and the energy of runoff increases with steeper slopes 

(Luce and Black, 1999; Ramos-Scharrón and MacDonald, 2005).  The models also used 

summer I30 and storm I30, respectively, as the 30-minute maximum intensity is a good 

index for both rainsplash erosion and the amount of surface runoff.  The storm-based 

model also includes the percent of the road surface that is bare soil, as sediment 

production increases as the amount of litter, rocks, and vegetation on the road surface 

decreases (Coe, 2006; Brown, 2008).  A variable for soil texture or geology was not 

included in either model because the study sites had very similar soils and lithologies.  
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The R2
eff for the annual empirical model for the 2005 and 2006 data was 0.14, 

which is better than the respective R2
eff values of -0.98 and 0.00 for WEPP:Road and 

SEDMODL2 for these same two years.  The annual empirical model had a RMSE of 734 

kg yr-1 for the 42 data points in 2005 and 2006 and a RMSE of 1137 kg yr-1 for the 15 

values greater than 1000 kg yr-1.  SEDMODL2, which was the better of the two general 

models, had a higher overall RMSE of 792 kg yr-1 in 2005 and 2006 and a higher RMSE 

of 1237 kg yr-1 for values greater than 1000 kg yr-1.  This indicates that the annual 

empirical model is also the best predictor when road sediment production exceeds 1000 

kg yr-1.  Since the mean road sediment production value in 2005-2006 was 10% higher 

than the mean value in 2001-2006, the poorer performance of WEPP:Road and 

SEDMODL2 in 2005 and 2006 may be partly due to their tendency to increasingly under-

predict higher sediment production values.   

The storm-based empirical model had a relatively high Nash-Sutcliffe efficiency 

(R2
eff = 0.27), but the performance of the model was very poor when the storm-based 

predictions for each segment were summed to provide an annual prediction (R2
eff = 

-0.50).  The poor relationship between the sum of storm-based predictions and the 

measured annual values is related to the consistent over-prediction of sediment 

production from the smaller storms (Figure 2.9), as these errors become larger as the 

sediment production values are summed.  Hence the storm-based empirical model can be 

useful for predicting road sediment production for individual storms, but the model 

should not be used to predict annual sediment production from road segments. 
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2.6.7. Management Implications and Future Research 
 

The physically-based WEPP:Road model was the least accurate of the four road 

sediment production models tested in this study.  The negative Nash-Sutcliffe efficiency 

indicates that the predicted values are less accurate than simply using the mean of the 

measured values.  The relatively low R2 of 0.28 also indicates that WEPP:Road may not 

provide a reliable relative ranking of road segment sediment production rates.  The large 

number of governing equations and interacting parameters in the underlying WEPP 

model limited the analysis of model errors and the identification of areas needing 

improvement.  Nevertheless, the sensitivity analyses indicated a need to improve the 

model with respect to more accurately predicting the effects of increasing precipitation, 

increasing soil rock content, and the changes in traffic on road segment sediment 

production.  It is not clear whether these changes will greatly improve the overall 

accuracy of WEPP:Road given the negative R2
eff and trends in Figure 2.6, and 

WEPP:Road is currently not the best choice for predicting road sediment production in 

the central Colorado Front Range. 

SEDMODL2 was the most accurate predictor of road sediment production and 

had the highest R2, indicating that it also was the best model for identifying which road 

segments are producing the most sediment (Table 2.7, 2.8).  The relatively simple 

structure of SEDMODL2 means that local data can be readily used to optimize some of 

the predictive factors in this model.  In this study optimizing the slope and rainfall factors 

increased the R2
eff from 0.31 to 0.42.  These results indicate that a slightly modified 

version of SEDMODL2 provides reasonable predictions of road sediment production in 
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the Colorado Front Range, and the accuracy of this model can be improved by collecting 

a limited amount of field data to optimize some of the factors. 

The performance of the empirical models was surprisingly poor given that the 

segments that were used for developing the models were the same segments that were 

used for validation.  The errors associated with the rainfall measurements limited the 

accuracy of the models during both development and testing, as the storm I30 and summer 

I30 greatly affected the storm-based and annual sediment production predictions, 

respectively.  The low R2
eff of the annual empirical model (0.14) has to be tempered by 

the fact that it outperformed both WEPP:Road and SEDMODL2 when tested against the 

data from 2005 and 2006 (R2
eff of -0.98 and 0.00, respectively).  A more in-depth analysis 

indicated that the annual empirical model was the best predictor when road sediment 

production exceeded 1000 kg yr-1, while SEDMODL2 had the highest overall R2
eff when 

tested against the entire data set.  Further testing of the empirical models is needed to 

better assess their accuracy for the Colorado Front Range and similar areas.  Future road 

erosion studies should focus on testing and improving SEDMODL2 across a range of 

climates and geologies and testing the performance of the annual empirical model relative 

to SEDMODL2. 

The six years of field data indicate that the precipitation intensity, the segment 

slope, the contributing area, and the amount of bare soil have the largest effect on road 

sediment production.  While the precipitation intensity cannot be controlled, the 

contributing area can be reduced by outsloping roads.  Alternatively, more drainage 

points can be added to reduce segment lengths.  Road segment slopes also should be 

minimized as much as possible because higher slopes increase the shear stress of 
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overland flow (Knighton, 1998) and road segment erosion rates.  Rocking roads also 

would reduce road sediment production by reducing rainsplash erosion and the supply of 

easily eroded sediment, and increasing the critical shear stress and surface roughness 

(Knighton, 1998; Coe, 2006). 

Detailed data on road-stream connectivity is needed to prioritize road treatments, 

as the adverse effects of roads on water quality and stream habitat will be reduced only if 

treatments focus on the road segments that are delivering sediment.  There are several 

means by which resource managers can predict or assess sediment delivery, and these 

include: (1) WEPP:Road, as this is designed to predict the amount of sediment passing 

through a 20-year old forest buffer (Elliot et al., 1999); (2) SEDMODL2, which has 

sediment delivery ratios based on the distance from the road segment to the nearest 

stream channel (BCC and NCASI, 2003); (3) empirical models developed for predicting 

sediment transport distances and road-to-stream connectivity (Coe, 2006; Brown, 2008); 

and (4) field surveys.  Since the accurate prediction of sediment delivery is critical for 

improving water quality and stream habitat, studies are urgently needed to evaluate the 

first three procedures for predicting road sediment delivery. 

Future road erosion studies in areas with convective storms should maintain a rain 

gauge near each road segment, as rainfall can vary greatly within a few hundred meters 

(Hastings et al., 2005).  The field data also indicated that road sediment production was 

significantly related to the rill density on the segment surface, and other studies have 

shown that up to 80% of the sediment production from croplands and burned hillslopes is 

generated from rill erosion.  Future road erosion studies should attempt to quantify the 

relative contribution of rill erosion to road sediment production.  Finally, the effects of 
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traffic on rill density, the supply of highly erodible sediment, and road sediment 

production need to be more rigorously evaluated, ideally on a storm-by-storm basis.   



 73

2.7. CONCLUSIONS 
 

From 2001 to 2006 rainfall, site characteristics, and sediment production were 

measured from 14-22 native surface road segments in the central Colorado Front Range.  

The resulting dataset was used to test the accuracy of two models that are commonly used 

to predict the sediment production from forest roads: WEPP:Road and SEDMODL2.  

The data from 2005 and 2006 also were used to test the accuracy of annual and storm-

based empirical models developed from the field data collected from 2001 to 2004. 

The Nash-Sutcliffe model efficiency (R2
eff) for WEPP:Road was -0.54, which 

indicates that the mean measured value is a better predictor of annual sediment 

production than the model.  SEDMODL2 was a better predictor of annual sediment 

production than the mean measured value (R2
eff =0.31), but the RMSE was still 765 kg yr-

1, or 95% of the mean measured value.  The annual empirical model had an R2
eff  of 0.14, 

and this more accurately predicted road sediment production in 2005 and 2006 than either 

WEPP:Road or SEDMODL2 (R2
eff  of -0.98 and 0.00, respectively).  The storm-based 

empirical model had an R2
eff of 0.27 for individual storms, but when the values from each 

storm were summed to yield an annual total, its performance was very poor (R2
eff = 

-0.50).  All of the models typically over-predicted low sediment production values and 

under-predicted high values. 

The tendency for WEPP:Road to under-predict road sediment production was 

actually more severe than indicated by the simple comparison of measured and predicted 

values.  The maximum summer precipitation at any of the study sites was only 25% 

higher than the historic mean value at the weather station used in the WEPP:Road 

simulations, and this had a recurrence interval of only 3 years according to the 50 years 
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of simulated climate.  Despite the relatively low amounts of precipitation at most sites 

over the study period, the measured sediment production values were larger than all of 

the predicted values from the 50-year simulation for 76% of the 114 segment-years of 

data.  The performance of WEPP:Road also was hampered because it predicts an increase 

in sediment production with higher soil rock contents, but the field data show an inverse 

relationship.  WEPP:Road also predicted a 3% increase in sediment production as the 

result of a categorical change from no traffic to low traffic, but the field data indicate that 

this change should increase sediment production by 2.1 times.  WEPP:Road could be 

improved by either expanding the range of soil texture classes, or by including variables 

to better represent the variability in soil erodibility. 

 The comparisons of the field data to the predicted relationships indicate that the 

slope factor in SEDMODL2 should increase linearly with segment slope instead of 

exponentially increasing or decreasing as segment slopes vary from 7.5%.  In the absence 

of a linear slope factor, model performance can be improved by using a revised nonlinear 

function with a lower base and a lower exponent value.  The range of geology factors 

should be increased, as the median back-calculated value for this study was 1.4 times the 

highest suggested value in the technical documentation.  Measured sediment production 

increased with increasing rill density, which indicates that the range of road surface 

factors for native roads in SEDMODL2 should be expanded from the present two-fold 

increase resulting from road surface rutting.  Model performance was improved by 

optimizing the coefficient and exponent values in the existing rainfall factor that uses 

annual rainfall; however, the field data indicate that a nonlinear function based on 
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summer I30 or summer erosivity may be needed for areas where convective storms are 

causing most or all of the road surface erosion.   

The variables in the two empirical models include the dominant controls on road 

sediment production in the Colorado Front Range as indicated by the field data and other 

road erosion studies.  The annual empirical model was the best predictor of road sediment 

production values greater than 1000 kg yr-1, and this led to the model performing better 

than WEPP:Road and SEDMODL2 for 2005 and 2006.  The storm-based empirical 

model had a relatively high Nash-Sutcliffe efficiency of 0.27, but the annual totals 

obtained by summing the storm-based predictions disagreed with the measured annual 

totals (R2
eff = -0.50) because this model consistently over-predicted sediment production 

from the smaller rainstorms.   

Future road erosion studies in areas with convective rainstorms should maintain a 

rain gauge near each monitoring segment, as the errors associated with the rainfall 

measurements affected both the development of the empirical models and the accuracy of 

each model.  Future studies also should focus on testing and improving SEDMODL2 

across a range of climates and geologies, and further evaluation of the annual empirical 

model.  Finally, there is an urgent need to test predicted road sediment delivery in 

addition to road sediment production, as reducing sediment delivery is critical for 

improving water quality and stream habitat. 

The results presented here can improve current models for predicting road 

sediment production and guide future research.  The results also can help resource 

managers to design and prioritize effective treatments for reducing road sediment 

production and evaluate cumulative watershed effects. 
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3. SEDIMENT PRODUCTION AND DELIVERY FROM 
OFF-HIGHWAY VEHICLE TRAILS 

 

3.1. ABSTRACT 
 

Erosion is an important environmental issue in the Upper South Platte River 

(USPR) watershed of Colorado because it is the primary source of drinking water for 

Denver, has a high-value fishery, and water quality is impaired by high levels of 

sediment.  Recent studies have quantified the sediment yields in this watershed from 

wildfires, forest thinning, and forest roads, but there are no comparable data from the 

large network of off-highway vehicle (OHV) trails.  The objectives of this study were to: 

(1) quantify sediment production and delivery from OHV trails; (2) develop empirical 

models for predicting OHV trail sediment production and delivery; (3) test the accuracy 

of two models, WEPP:Road and SEDMODL2, for predicting sediment production from 

OHV trails; and (4) compare sediment production, sediment delivery, and sediment 

yields from OHV trails and forest roads.  Rainfall, site characteristics, and sediment 

production were measured for 5 OHV trail segments beginning in August 2005 and 10 

segments from May to October 2006.  Detailed surveys along 10 km of OHV trails were 

used to estimate watershed-scale sediment production and delivery.  

In 2006 the mean sediment production per meter of OHV trail was 35 kg, and the 

range was from 0.9 to 73 kg m-1.  Storm erosivity and segment length explained 80% of 

the storm-by-storm variation in sediment production.  Twenty-four percent of the trail 

length was delivering sediment to the stream network, with most of the connected 
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segments in valley bottoms.  The transport distance of runoff and sediment from OHV 

trails is best predicted by the maximum rill depth on the segment surface and the 

presence or absence of a rill below the drainage outlet (R2=0.41).  Both WEPP:Road and 

SEDMODL2 poorly predicted sediment production from the 10 segments, but the 

performance of SEDMODL2 was greatly improved by calibration of the traffic factor.  

OHV trails are estimated to deliver approximately 0.8 Mg km-2 yr-1 of sediment to the 

stream network, or 27% less than the calculated value of 1.1 Mg km-2 yr-1 for forest 

roads.
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3.2. INTRODUCTION 
 

Excessive sediment is one of the leading causes of surface water quality 

impairment in both the United States and the State of Colorado (EPA, 2008).  Erosion is a 

particularly important environmental issue in the Upper South Platte River (USPR) 

watershed of Colorado because it is the primary source of drinking water for Denver, has 

a high-value fishery, and several stream reaches are exceeding the state water quality 

standard for sediment (CDPHE, 2006; CDPHE, 2008).  Quantification of the primary 

sediment sources in the USPR watershed is necessary for resource managers to efficiently 

reduce sediment loads and improve water quality. 

Undisturbed forests in Colorado typically generate little sediment because 

infiltration rates are high and overland flows are rare (Troendle, 1987; MacDonald and 

Stednick, 2003; Libohova, 2004; Brown, 2008).  Most of the USPR watershed is forested 

(USDA, 2000), but the proximity of the watershed to metropolitan Denver means that the 

USPR watershed has been subjected to a variety of land use activities and changes that 

can increase sediment production and delivery rates.  These include forest thinning and 

timber harvesting, forest roads, mining, grazing, high-severity wildfires, and off-highway 

vehicle (OHV) trails (USDA, 2000; USDA, 2005).  Previous studies have quantified 

sediment yields in the USPR watershed from wildfires (Libohova, 2004; Rough, 2007), 

forest thinning (Libohova, 2004; Brown, 2008), and forest roads (Libohova, 2004; 

Brown, 2007; Chapter 2), but there are no comparable data from the large network of 

OHV trails. 

Very few studies have measured sediment production rates from OHV trails.  

Like forest roads, OHV trails are compacted and have low infiltration rates (Willshire et 
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al., 1978; Griggs and Walsh, 1981; Sack and da Luz, 2003; Foltz, 2006).  Hence the 

magnitude and frequency of overland flow and surface erosion is much greater from 

OHV trails than adjacent, less disturbed areas (Willshire et al., 1978; Griggs and Walsh, 

1981; Sack and da Luz, 2003).  Sediment production from OHV trails should increase 

with segment length or segment area, as these are surrogates for the amount of road 

surface runoff (Luce and Black, 1999; Ramos-Scharrón and MacDonald, 2005).  

Sediment production also should increase with increasing segment slope, as this is a 

primary control on the energy and velocity of runoff (Knighton, 1998; Luce and Black, 

1999; Ramos-Scharrón and MacDonald, 2005).  OHV trail sediment production has been 

estimated to range from 25 kg m-2 yr-1 near San Francisco, California (Willshire et al., 

1978) to 209 kg m-2 yr-1 in southeastern Ohio (Sack and da Luz, 2003).  These studies 

estimated sediment production rates from OHV trails using repeated cross-section 

surveys, but there have been no direct measurements of OHV trail sediment production or 

a detailed evaluation of the physical processes controlling storm-by-storm and annual 

sediment production from OHV trails.     

In the absence of local data, researchers and resource managers are forced to 

assume that sediment production rates from OHV trails are similar to forest roads (Elliot 

et al., 1999).  The validity of extrapolating road sediment production data to OHV trails is 

unknown given the differences in the amount and type of traffic.  For unpaved roads an 

increase in traffic increases sediment production by further compacting the surface and 

increasing the supply of highly erodible fine particles (Reid and Dunne, 1984; 

Constantini et al., 1999; MacDonald et al., 2001; Ramos-Scharrón and MacDonald, 

2005).  In the USPR watershed OHV trails are much more incised into the hillslope than 
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forest roads, and this suggests that OHV trails have higher unit area erosion rates.  Given 

the lack of sediment production data from OHV trails and the unsubstantiated assumption 

that road and OHV trail sediment production rates are comparable, there is an urgent 

need to quantify both sediment sources in the same study area.   

 Road erosion studies have shown that a relatively small proportion of the road 

length in forested areas is typically responsible for most of the road-related increases in 

watershed-scale sediment yields (Reid and Dunne, 1984; Wemple et al., 1996; Croke and 

Mockler, 2001; Coe, 2006; Brown, 2008).  If the same tendency is true for OHV trails, 

the ability to predict segment-scale sediment production rates could be used to identify 

the segments that are generating the most sediment and to prioritize rehabilitation 

treatments.   

The lack of sediment production data from OHV trails means that road erosion 

models are typically used to predict sediment production from OHV trail segments.  Two 

commonly used road erosion models are WEPP:Road and Sediment Model Version 2.0 

(SEDMODL2).  WEPP:Road is one of the web-based interfaces developed by the United 

States Forest Service (USFS) to simplify the use of the physically-based Water Erosion 

Prediction Project (WEPP) model (Elliot, 2004).  SEDMODL2 is a conceptual-empirical 

road erosion and delivery model that was originally developed by the Boise Cascade 

Corporation and later updated by the National Council for Air and Stream Improvement 

(BCC and NCASI, 2003).  The problem is that the accuracy of these models has not been 

tested against field data from OHV trails. 

Data on the connectivity between OHV trails and streams also are needed to 

determine the proportion of sediment that is likely to be delivered to the stream network.  
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Sediment delivery from forest roads has been related to site characteristics such as road 

segment length, road segment slope, and the hillslope position of the road (Libohova, 

2004; Coe, 2006; Brown, 2008).  Given the conceptual similarities between roads and 

OHV trails, it is hypothesized that the same factors may explain sediment delivery from 

OHV trails.  One study in southern California used aerial photography to determine that 

75% of OHV trails were delivering sediment to streams (Griggs and Walsh, 1981), which 

is a much higher proportion than has been estimated for forest roads (Coe, 2006; Brown, 

2008).  OHV trails in the USPR watershed may be more connected to streams than forest 

roads because many trails are located near streams and they generally were built before 

design standards were implemented (USDA, 2005), but again there are no data to 

substantiate this assertion.  A detailed survey of OHV trails is needed to assess 

connectivity to streams, and to identify the factors that are controlling whether a given 

OHV trail segment is likely to be delivering sediment to the channel network. 

Given the high levels of sediment in the USPR watershed, there is an urgent need 

to quantify sediment production and delivery from the extensive network of OHV trails.  

Hence the objectives of this study were to: (1) measure sediment production from OHV 

trail segments; (2) assess the connectivity of OHV trails to streams; (3) develop empirical 

models for predicting both sediment production and sediment delivery; (4) test the 

accuracy of WEPP:Road and SEDMODL2 for predicting sediment production from OHV 

trail segments; and (5) compare sediment production, sediment delivery, and sediment 

yields from OHV trails and forest roads. 
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3.3. METHODS 
 
3.3.1. Study Area 
 

The study area consists of the Horse Creek, Buffalo Creek, and Waterton-Deckers 

subbasins of the USPR watershed in the central Colorado Front Range (USDA, 2000).  

There are 110 km of OHV trails in the 570 km2 study area, and 104 km are in the 

Rampart Range Motorized Recreation Area (RRMRA) (USDA, 2005) (Figure 3.1).  The 

overall density of OHV trails in the study area is currently about 0.2 km km-2, but the 

density is expected to increase by 30% over the next few years as new trails are 

constructed (USDA, 2005). 

Sediment production was measured from ten OHV trail segments.  Five of these 

segments were tightly clustered along the Log Jumper trail, and the other five were 

located along the Noddle trail (Figure 3.1).  The segments on the Log Jumper trail were 

approximately 2,100 m above sea level (a.s.l.) and the segments along the Noddle trail 

were about 2,300 m a.s.l.  Annual precipitation at Log Jumper is estimated at 410 to 460 

mm, while precipitation at Noddle is estimated to be 460 to 510 mm yr-1 (Johnston, 2004; 

USDA, 2000).  Ponderosa pine (Pinus ponderosa) is the dominant vegetation type, but 

there also is some Douglas-fir (Pseudotsuga menziesii) at higher elevations and on north-

facing slopes (Johnston, 2004; USDA, 2000).  The soils at both sites are in the Sphinx 

series, which is derived from Pikes Peak granite.  These soils are gravelly to very 

gravelly coarse sandy loams with no apparent horizons (USDA, 1992).  The Sphinx soils 

have a severe erosion potential, but the very high infiltration rates mean that infiltration-

excess overland flow is rare in undisturbed areas (USDA, 1992). 
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Figure 3.1.  Map showing the USPR watershed, the Rampart Range Motorized Recreation Area (RRMRA), the Log Jumper and 
Noddle sites where sediment production was measured, and the long-term weather station at Cheesman Reservoir.
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The nearest long-term weather station is at Cheesman Reservoir, which is at 2,090 

m a.s.l. and 13 km southwest of the Log Jumper study site (Figure 3.1).  From 1948 to 

2007 the mean winter temperature was -2.1°C and the mean summer temperature was 

17.2ºC (WRCC, 2008).  The historic mean annual precipitation is 415 mm with about 

30% falling as snow (WRCC, 2008).  The mean summer precipitation from 1 May to 31 

October is 280 mm (WRCC, 2008), and more than 90% of the annual rainfall erosivity 

occurs during this period (Renard et al., 1997).  Sediment production in the study area 

results from localized, short-duration convective thunderstorms (Libohova, 2004; 

Pietraszek, 2006; Rough, 2007; Brown, 2008). 

 

3.3.2. Precipitation 
 

Summer precipitation was defined as from 1 May to 31 October, and this was 

measured by tipping-bucket rain gauges with a resolution of 0.25 mm per tip (Onset, 

2001) at Noddle and 0.20 mm per tip (Global Water, 2005) at Log Jumper.  The 

elevation, UTM coordinates, and installation date of the rain gauges are listed in Table 

3.1.  The data from each gauge were carefully screened, and any “bounce-back” or 

double tips were eliminated.  Storms were defined as periods with at least 1 mm of 

precipitation separated by periods of at least 60 minutes with no precipitation.  The depth, 

maximum 30-minute intensity (I30), maximum 10-minute intensity (I10), and erosivity 

(EI30) following Brown and Foster (1987) were calculated for each storm using either the 

RF program (Petkovšek, 2005) or the RainMx10 program (Brown, 2005).  The storm 

values in each summer were summed to yield a summer rainfall depth and a summer 

erosivity. 
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Table 3.1.  The elevation, UTM coordinates in NAD83 zone 13 north, and date of 
installation for the tipping-bucket rain gauges at the Log Jumper and Noddle sites. 

 

Study site 
Elevation 

(m) 
UTM 

northing 
UTM 

easting 
Installation 

date 
Log Jumper 2158 4349579.58 484871.25 20 May 2006 
Noddle 2320 4353123.75 488705.09   2 Aug 2005 

 
 
3.3.3. Monitoring Segments and Sediment Production 
  
 Sediment fences (USDA, 2001; Robichaud and Brown, 2002; Libohova, 2004) 

were used to measure sediment production from the 10 OHV segments.  These segments 

were selected for monitoring because they had a distinct drainage outlet that was suitable 

for installing a sediment fence and a clearly defined contributing area.  The segments at 

each site also were selected to represent a range of contributing areas and segment slopes.  

The five segments at the Log Jumper study site were monitored from early August 2005 

to October 2006, and the five segments at Noddle were monitored from May 2006 to 

October 2006.  At Log Jumper all segments with a sediment fence were within 0.5 km of 

the rain gauge and at Noddle all segments were within 0.6 km of the rain gauge.   

The sediment captured in each sediment fence was manually removed as soon as 

possible after each storm event.  This sediment was placed into buckets and weighed 

using an electronic scale with a resolution of 0.1 kg.  After weighing, the sediment was 

piled and thoroughly mixed.  A 0.5 to 1.0 kg sample was taken from the pile, double-

bagged in airtight plastic bags, and approximately one-half of this sample was analyzed 

for percent moisture following Gardner (1986): 

 
M = 100 x (WW – WD)/WW       (3.1) 
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where M is percent moisture, WW is the wet weight, and WD is the dry weight.  The 

percent moisture was used to correct the field-measured wet weights to a dry mass. 

A series of detailed measurements were made to characterize each of the OHV 

trail segments with a sediment fence (Table 3.2).  The active width was measured at 

approximately 10 systematically-spaced locations along the segment length.  This width 

was the area being regularly driven on as identified by a well-compacted surface and a 

lack of vegetation.  The total width was measured at the same ten locations and this was 

defined as the horizontal distance between the top of the cutslope and the downslope edge 

of the incision or fillslope caused by the OHV trail.  The length of each segment was 

measured with a measuring tape to the nearest decimeter.  The length associated with 

each active width and total width was determined by the midpoint between each 

measurement, and the sum of the widths times the lengths yielded the active area and 

total area for each segment.  The segment slope was measured with a clinometer, and a 

distance-weighted mean slope was calculated for each segment. 

Surface cover was measured at the start of each field season across the active 

width of at least 10 systematically-spaced lateral transects per segment.  Within each 

transect surface cover was classified at 10 systematically-spaced points to yield a 

minimum of 100 sample points per segment.  The surface cover classes were bare soil, 

rock (intermediate axis larger than 1.0 cm), litter, live vegetation, or wood (diameter 

larger than 2.5 cm).  Since most of the segments were incised into the hillslope from 

historical erosion (Figure 3.2), the depth of incision was measured at five systematically-

spaced locations on each segment.  The depth of incision was defined as the vertical 

distance from the edge of the active width to the top of the cutslope.  The maximum rill 
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Table 3.2.  List of the dependent and independent variables used in the analysis of 
sediment production. 

 
Dependent variables Independent variables 

Storm-based sediment production (kg) Segment slope (%) 
Summer sediment production (kg) Segment length (m) 
Storm-based sediment production Active area (m2) 

rate (kg m-1) Total area (m2) 
Summer sediment production Mean incised depth (m) 

rate (kg m-1) Storm rainfall (mm) 
 Summer rainfall (mm) 
  Storm erosivity (MJ mm ha-1 h-1) 
 Summer erosivity (MJ mm ha-1 h-1) 
  Mass of unconsolidated material (kg m-2) 
  D16, D50, and D84 of surface soils (mm) 
  D16, D50, and D84 of subsurface soils (mm) 
  Segment slope (%)*segment length (m) 
  Segment slope (%)*active area (m2) 

 

depth on each segment was classified as none, shallow (1-10 cm), medium (11-20 cm), or 

deep (21-30 cm).  The hillslope position of each segment was classified as ridgetop (<100 

m to ridge), midslope, or valley bottom (<100 m to stream).  The drainage outlet of each 

segment was classified as a culvert, waterbar or rolling dip, pushout, or no engineered 

drainage. 

Surface and subsurface soil samples were collected from five systematically-

spaced locations along each segment.  The surface samples were collected by sweeping 

the unconsolidated material from a 20-cm wide strip across the active width into a plastic 

bag.  The intent was to characterize the amount and size of unconsolidated material on 

the segment surface, as road sediment production has been shown to increase with the 

supply of easily erodible soil (Megahan, 1974; Luce and Black, 1999).  The subsurface 

sample was collected from a 2x2-cm trench excavated across the active width after the 
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Figure 3.2.  A sediment fence installed below an OHV trail segment at the Log 
Jumper study site.  Note the incision into the hillslope at the upper end of this 
segment. 

 

surface sample had been collected.  Both the surface and subsurface samples were oven-

dried at 90°C for at least 24 hours following Bunte and Abt (2001).  The particle-size 

distribution of each surface and subsurface soil sample was determined by dry-sieving the 

entire mass of the sample to less than 8 mm.  The mass of soil less than 8 mm was split 

with a rifle splitter until there was a subsample weighing approximately 300 g.  The 300 

g subsample was sieved to a minimum size of 0.063 mm, and no further analysis was 

done because particles smaller than 0.063 mm (i.e., silt and clay) averaged only 2.8% of 

the mass of the surface samples and 5.7% of the mass of the subsurface samples.  
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3.3.4. OHV Trail Surveys and Sediment Delivery 
 

A sample of the OHV trails in the RRMRA was surveyed to assess the 

representativeness of the segments that were being monitored and potential sediment 

delivery to the stream network.  The lengths to be surveyed were selected by dividing the 

OHV trails in the RRMRA and the USPR watershed into approximately equal lengths of 

1.0 to 1.3 km (n=16); six lengths were randomly selected for surveying.  The two OHV 

trails with sediment fences—Log Jumper-A (0.6 km) and Noddle (2.6 km)—also were 

surveyed to yield a total surveyed length of 10.1 km.   

The basic procedure for these surveys was to divide each trail into segments as 

determined by a distinct outlet for surface runoff or a change in the direction of surface 

runoff because of a topographic high.  For practical reasons, detailed measurements were 

made only on every third segment, while segment length and segment slope was 

measured for the two segments in between the segments where the more detailed surveys 

were conducted. 

The detailed measurements made in these surveys differed slightly from the 

measurements made on the segments with sediment fences (Table 3.3).  Segment lengths 

were measured to the nearest 0.5 m with a Rolatape® measuring wheel.  The active width, 

total width, and incised depth were measured at three or more systematically-spaced 

locations and averaged to obtain mean values.  The mean active and total widths were 

multiplied by the segment length to determine the active area and total segment area, 

respectively.  Percent bare soil within the active area was qualitatively estimated as high 

(>95%), medium (85-95%), or low (<85%).  The maximum rill depth on each surveyed 

segment was classified using the same categories as the segments with sediment fences. 
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Table 3.3.  List of the dependent and independent variables used in the analysis of 
sediment delivery. 

 
Dependent variables Independent variables 

Sediment plume length (m) Segment slope (%) 
Outlet rill length (m) Segment length (m) 
Outlet rill volume (m3) Active area (m2) 
Drainage feature length (m) Total area (m2) 
Connectivity class (1, 2, 3, or 4) Hillslope gradient below outlet (%) 
  Hillslope position 
 (ridgetop, midslope, or valley bottom) 
 Mean incised depth (m) 
  Roughness below outlet (high, medium, or low) 
  Maximum rill depth on segment surface 
 (high, medium, low, or none) 
  Drainage type (pushout, no engineered outlet) 

 

The hillslope below each segment drainage outlet was assessed for the presence of 

a sediment plume or an outlet rill (“drainage feature”).  A sediment plume was defined by 

diffuse sediment deposition and little or no incision due to surface runoff.  An outlet rill 

was defined by an incised, active channel that was conveying the concentrated flow away 

from an OHV segment.  The length and slope were measured for each drainage feature, 

and the roughness of the hillslope below the drainage outlet was classified as high, 

medium, or low depending on the size and density of vegetation, rocks, and woody 

debris.  The top width and maximum depth of each outlet rill was measured at the 

midpoint of the upper, middle, and lower thirds of the rill length.  Since the outlet rills 

generally had a triangular shape, the cross-sectional area was calculated at each location 

by: 

 
RCA = (RD*RW)/2         (3.2) 
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where RCA is the outlet rill cross-sectional area (cm2), RD is the maximum depth (cm) 

and RW is the width (cm).  The cross-sectional areas were multiplied by the length 

associated with each cross-sectional measurement, and these were summed to yield the 

total volume of each outlet rill. 

The proximity of each outlet rill or sediment plume to the nearest stream channel 

was used to classify each segment into one of four connectivity classes (CC) (Wemple et 

al., 1996; Croke and Mockler, 2001).  CC1 indicates no evidence of surface runoff from 

the segment; CC2 indicates an outlet rill or sediment plume that is less than 20 m long 

and does not reach to within 10 m of a stream channel; CC3 indicates an outlet rill or 

sediment plume that is more than 20 m long, but does not reach to within 10 m of a 

stream channel; and CC4 indicates that the outlet rill or sediment plume extends to within 

10 m of a stream channel and is likely to be delivering runoff and sediment. 

 

3.3.5. Model Structure and Inputs 
 
3.3.5.1.  WEPP:Road 
 

WEPP:Road requires the parameterization of only thirteen variables, including the 

identification of a climate station, soil characteristics, road design, segment morphology, 

traffic class, and fillslope gradient (Table 3.4).  WEPP:Road uses these thirteen input 

variables to parameterize all of the other variables needed to run the WEPP model (Elliot 

et al., 1999). 

WEPP:Road uses a stochastically generated climate to predict mean annual 

sediment production.  The stochastic climate is generated using the monthly climate 

statistics from one of the more than 2,600 weather stations in the WEPP database (Elliot  
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Table 3.4.  Input variables for WEPP:Road and their units or categories. 
 

Input Units or categories 
User-selected climate from the WEPP 

database 
Monthly precipitation (mm); number of 

wet days by month. 
Soil texture class Clay loam; silt loam; loam; sandy loam. 
Soil rock content Percent 
Road design Insloped, bare ditch; insloped, vegetated 

or rocked ditch; outsloped, unrutted; 
outsloped, rutted. 

Road length Meters 
Road width Meters 
Road gradient Percent 
Road surface type Native; graveled; paved. 
Traffic class High; low; none. 
Fillslope gradient Percent 
Fillslope length Meters 
Buffer gradient Percent 
Buffer length Meters 

 
 

et al., 1999).  The monthly climate statistics include: number of wet days; mean, standard 

deviation, and skew coefficient of the amount of precipitation on a day with precipitation; 

probabilities of a wet day after a wet day and a wet day after a dry day; mean wind speed; 

and the mean and standard deviation of maximum and minimum temperatures (Elliot et 

al., 1999).  The historic monthly data from the selected weather station are used to 

calculate the daily precipitation depth, duration, and intensity for up to 200 years of a 

stochastically simulated climate (Elliot et al., 1999). 

The Cheesman weather station was selected to generate the stochastic climate 

data for WEPP:Road, but from May to October the measured values from the tipping-

bucket rain gauges were substituted for the historic mean monthly rainfall and number of 

wet days.  The Cheesman weather station is believed to accurately represent the climate 

at the study sites because of its proximity and similar elevation, and the comparable 
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summer rainfall data observed from 2001 to 2006 (Libohova, 2004; Pietraszek, 2006; 

Rough, 2007; Brown, 2008; Chapter 2).  For the first year of monitoring at each site the 

precipitation was set to zero from January to the month prior to the installation of the 

sediment fence.  The predicted sediment production was the mean from 50 years of 

simulated climate. 

None of the OHV segments had an engineered design, and the runoff was not 

diverted from the active surface until the drainage outlet.  In WEPP:Road these segments 

are best characterized as outsloped with ruts, as this applies to segments where the runoff 

does not flow onto the fillslope or to an inside ditch (Elliot et al., 1999).  The soil texture 

of each OHV segment was classified as a sandy loam.  The soil rock content (>2 mm) for 

each segment was determined from the subsurface particle-size distributions.  Field 

measurements were used to define the length, width, and gradient of each segment.  None 

of the segments had fillslopes, so the fillslope lengths and fillslope gradients were set to 

the minimum allowable values of 0.3 m and 0.1%, respectively.  The buffer lengths and 

buffer gradients also were set to the minimum allowable values of 0.3 m and 0.1%, 

respectively, because the 3 to 5 m between the drainage outlet and the sediment fence 

was largely devoid of vegetation and did not function as a buffer (Figure 3.2).  The traffic 

level of each segment was classified as high because the RRMRA is heavily used 

(USDA, 2005), and approximately 10 vehicles per day during the week and 50 vehicles 

per day during the weekend were observed while the field work was being conducted. 
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3.3.5.2.  SEDMODL2 
 

The governing equations in SEDMODL2 predict both sediment production and 

delivery from road segments in forested areas.  Separate equations are used to calculate 

annual sediment production from the road segment surface and cutslope (BCC and 

NCASI, 2003).  Sediment production from the road segment surface (SPS) in U.S. tons 

per year is calculated by: 

  
SPS = G*RS*T*A*SS*R       (3.3) 

 
where G is the geology factor, which ranges from one to five depending on the parent 

material and degree of weathering; RS is the surface factor, which ranges from 0.03 for 

paved roads to 2.0 for native surface roads with ruts; T is the traffic factor, which ranges 

from 0.1 to 120, depending on the average number of log truck and passenger vehicle 

passes per day as well as the width of the road; A is the segment area in acres; and SS is 

the segment slope factor (BCC and NCASI, 2003).  SS is calculated by: 

 
SS = (S/7.5)2         (3.4) 

where S is the slope of the segment in percent.  The rainfall factor (R) in equation 3.3 is 

calculated by: 

 
R = 0.016(P)1.5            (3.5)  

 
where P is the annual rainfall in inches.  If the mean annual rainfall is not provided by the 

user, SEDMODL2 uses the mean annual rainfall from the PRISM dataset (PRISM, 

2007). 
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 Sediment production from the cutslope (SPC) in U.S. tons per year is calculated 

by: 

 
SPC = G*CC*CH*L*R        (3.6) 

 
where G is the geology factor as defined previously; CC is the cutslope cover factor, 

which ranges from 0.1023 for 100% cover to 1.0 for 0% cover; CH is the cutslope height 

in feet, which is estimated from the hillslope gradient unless measured data are 

substituted by the user; L is the road segment length in feet; and R is the rainfall factor 

(equation 3.5). 

 SEDMODL2 uses a delivery factor (D) to calculate the proportion of surface and 

cutslope sediment production that is delivered to streams.  The delivery factor (D) is 

based on the distance between the segment and the nearest stream channel (Table 3.5) 

(BCC and NCASI, 2003). 

 

Table 3.5.  Delivery factor values in SEDMODL2. 
 

Distance from the segment to the  
nearest stream (m) Delivery factor (D) 

0 1.0 
0.1 - 30   0.35 
30 - 60   0.10 

> 60 0.0 
 
 

Sediment production and delivery from a road segment also can be adjusted by an 

age factor (equation 3.7): 

 
SPT = (SPS + SPC)*D*RA        (3.7) 
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In this equation SPT is the total mass of sediment delivery in U.S. tons per year and RA is 

the categorical age factor, which ranges from 1.0 for segments that are more than two 

years old to 10.0 for segments that are less than one year old (BCC and NCASI, 2003). 

In this study the geology factor (G) was set to 5.0 for each OHV trail segment 

because the soils are derived from weathered granite (BCC and NCASI, 2003).  The 

surface factor (RS) was set to 2.0 because the surface of the OHV trail segments are 

native material with ruts (BCC and NCASI, 2003).  The active area was used to calculate 

surface sediment production.  The mean incised depth was used to define the cutslope 

height (CH) when calculating cutslope sediment production.  The traffic factor (T) of 10.0 

was based on the mean traffic rate observed during the field work (BCC and NCASI, 

2003).  The rainfall factor (R) was calculated from the summer precipitation at each 

tipping-bucket rain gauge, as negligible amounts of sediment were produced from 

November through April.  The age factor (RA) was set to 1.0 because the trails are much 

more than two years old.  The sediment delivery factor (D) was 1.0 because sediment 

production was measured at the outlet of each segment. 

  

3.3.6. Statistical Analysis 
 
3.3.6.1. Sediment Production 
 
 The segment-scale analysis of sediment production focused on two dependent 

variables—storm-based and summer sediment production (Table 3.2).  For this and other 

analyses the independent and dependent variables were log-transformed if the values 

were log-normally distributed.  Univariate regressions were used to analyze the 

significance of each continuous independent variable on sediment production.  Storm-
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based and summer sediment production values were normalized by segment length 

because length was more significantly related to sediment production than either active 

area or total area.  Analysis of covariance was used to determine whether there was 

collinearity between the independent variables (SAS Institute, 2003).  The 10 data points 

from 2006 were used to develop a univariate model for predicting annual sediment 

production from OHV trail segments.  The number of storm-based sediment production 

values that could be paired with a single rainstorm was much larger (n=138), and 

stepwise multiple regression was used to develop a predictive model for storm-based 

sediment production from the OHV trail segments (SAS Institute, 2003).  Independent 

variables were kept in the model if they were significantly related to storm-based 

sediment production (p<0.05).  Model errors were evaluated using residuals and quartile-

quartile plots (SAS Institute, 2003), and the exclusion of the extreme outliers led to an 

improved model as indicated by a lower Mallow’s CP and a much higher R2. 

 

3.3.6.2. Sediment Delivery 
 
 The dependent variables used in the analysis of sediment delivery included 

sediment plume length, outlet rill length, outlet rill volume, and connectivity class (Table 

3.3).  The datasets on sediment plume lengths and outlet rill lengths also were combined 

to create a larger dataset of drainage feature lengths (Table 3.3).  The statistical methods 

used to analyze sediment delivery were similar to those used to analyze sediment 

production, and the effects of the categorical independent variables on sediment delivery 

were evaluated using Tukey’s HSD (SAS Institute, 2003).  Stepwise multiple regression 

was used to develop predictive models for sediment plume lengths, outlet rill lengths, 
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drainage feature lengths, and outlet rill volumes (SAS Institute, 2003).  Segments that 

were directly connected to a stream channel were not included in the datasets for model 

selection because their transport distances were truncated by the channel. 

 

3.3.6.3. Model Testing    
 

Several statistics were used to evaluate the accuracy of WEPP:Road and 

SEDMODL2 because no single statistic can fully characterize model performance 

(Willmott, 1981).  The statistics used in this analysis were: (1) the slope (b), intercept (a), 

and coefficient of determination (R2) of the least-squares linear regression between the 

predicted and measured sediment production; (2) the Nash-Sutcliffe model efficiency 

coefficient (R2
eff) (Nash and Sutcliffe, 1970); and (3) the root-mean-square error (RMSE) 

(Willmott, 1981).   
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3.4. RESULTS 
 
3.4.1. Precipitation 
 
 From 3 August 2005 to 31 October 2005 there were 24 storms and 124 mm of 

precipitation at the Log Jumper site.  Over this period the total precipitation at Cheesman 

was nearly identical at 120 mm.  The summer erosivity at Log Jumper was 192 MJ mm 

ha-1 h-1, or about 60% of the mean annual erosivity for the study area (Renard et al., 

1997) despite the relatively short period of monitoring.  Most of the storms had low 

intensities (Figure 3.3), and a 13.8 mm storm on 16 August 2005 with a maximum I30 of 

27 mm h-1 accounted for almost 50% of the measured erosivity. 

Summer precipitation in 2006 was 330 mm at Log Jumper and 257 mm at 

Noddle.  The record at Noddle did not begin until 20 May (Table 3.1), but this probably 

had very little effect because there was only 4.8 mm of precipitation at Log Jumper 

between 1 May and 19 May.  Summer precipitation at Cheesman was 360 mm, which is 

29% above the long-term mean.   

In 2006 there were 53 storms at Log Jumper and 51 storms at Noddle, and 70% of 

the storms at each site had a maximum 30-minute intensity less than 10 mm h-1 (Figure 

3.3).  The summer erosivity at Log Jumper was 1150 MJ mm ha-1 h-1, and this was four 

times the summer erosivity at Noddle.  The largest storm in 2006 was 30 mm of rain at 

Log Jumper on 1 August.  This storm had a maximum I30 of 59 mm h-1 and an erosivity 

of 481 MJ mm ha-1 h-1, or 42% of the total summer erosivity.  At Noddle the same storm 

generated only 6 mm of rainfall with an I30 of 8 mm h-1 and an erosivity of just 8 MJ mm 

ha-1 h-1. 
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Figure 3.3.  Frequency distribution of the maximum 30-minute rainfall intensity (I30) 
for the 77 storms at Log Jumper in summer 2005 and 2006 and the 51 storms at 
Noddle in summer 2006. 

 
 
3.4.2. OHV Segment Characteristics and Sediment Production 
 

The mean length of the 10 OHV trail segments with a sediment fence was 45 m 

(s.d.=22 m).  The mean active width was 2.0 m, and this was less than half of the mean 

total width of 4.5 m (Table 3.6).  The mean segment length was 68% longer at Log 

Jumper than at Noddle (p=0.05), but active and total widths were similar between the two 

study sites (p>0.10) (Table 3.6).  The mean depth of incision at Log Jumper was 0.38 m, 

or 3.5 times the mean depth of incision at Noddle (p=0.001).  This difference may explain 

much of the difference in mean segment length, as the trails that are more deeply incised 

tend to have fewer drainage points (Table 3.6).  Mean segment slope was 13% (s.d.=4%),  
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Table 3.6.  Characteristics of the 10 segments with a sediment fence at the Log 
Jumper (LJ) and Noddle (NDL) study sites.  An asterisk indicates that the mean 
values are significantly different between the two sites (p<0.05), and NA indicates 
that the fence was not installed until May 2006. 
 

  Length Slope
Active 
width 

Total 
width

Mean 
incised 
depth 

Percent 
bare soil 

(%) 

Sediment 
production 

(kg) 
Segment (m) (%) (m) (m) (m) 2005 2006 2005 2006 
LJ1 93 17 1.7 3.8 0.31 97 95 707 6745 
LJ2 45 14 1.9 4.7 0.36 81 78 265 1917 
LJ3 37   9 1.7 4.6 0.50 93 87 201 1108 
LJ4 51 17 1.8 4.3 0.39 88 88 58 2443 
LJ5 58 15 1.8 4.4 0.35 92 95 508 4253 

Mean   57* 14 1.8 4.3   0.38* 90 89 348   3293* 
NDL1 38   5 3.1 5.5 0.00 NA 91 NA     35 
NDL2   7 17 2.3 6.5 0.00 NA 82 NA   214 
NDL3 43 15 1.9 4.9 0.33 NA 83 NA 1578 
NDL4 41   9 1.8 3.0 0.14 NA 97 NA   416 
NDL5 41 11 2.0 3.8 0.09 NA 93 NA   174 

Mean   34* 11 2.2 4.7   0.11* NA 89 NA     483* 
 
 

and the segment slopes at Log Jumper were slightly but not significantly steeper than at 

Noddle (p=0.21) (Table 3.6).   

The surface of the active area averaged 89% bare soil (s.d.=6%), 8% rock 

(s.d.=5%), 2% litter (s.d.=2%), and 1% wood (s.d.=1%) (Table 3.6).  The mean mass of 

unconsolidated material on the segment surface was 7.8 kg m-2 (s.d.=2.9 kg m-2), which 

corresponds to a total unconsolidated mass of about 700 kg for the mean active area of 90 

m2 (Tables 3.6, 3.7).  This material was very coarse, as 63% of the surface particles were 

larger than 2 mm and only 3% of the unconsolidated material was finer than 0.063 mm 

(Figure 3.4).  The subsurface soils also were very coarse, but there were slightly more 

fine particles relative to the unconsolidated surface material (Figure 3.4).  The 
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significantly lower amount of silt and clay particles in the unconsolidated surface 

material relative to the subsurface (p=0.001) (Figure 3.4; Table 3.7) indicates that the 

finer particles are being preferentially eroded from the unconsolidated surface material.  

Both the unconsolidated surface material and the subsurface soils were coarser at Log 

Jumper than at Noddle (Figure 3.4), but none of the particle-size distribution statistics 

were significantly different between sites (Table 3.7). 

 

Table 3.7.  Mean mass of unconsolidated material, soil rock content, and the D16, D50, 
and D84 for the surface and subsurface soils for each of the Log Jumper (LJ) and 
Noddle (NDL) study segments.   

 
   Surface sample Subsurface sample 

  

Unconsol-
idated 

material 
Soil rock 
content D16 D50 D84 D16 D50 D84 

Segment (kg m-2) (%) (mm) (mm) (mm) (mm) (mm) (mm)
LJ1       9.5 43 0.86 3.68 9.98  0.26 1.52 5.89 
LJ2     10.3 38 1.13 4.18 11.08  0.20 1.31 4.59 
LJ3       7.1 36 0.63 2.67 7.00  0.16 1.18 4.86 
LJ4     12.7 45 0.81 3.36 8.67  0.28 1.66 6.35 
LJ5       8.0 49 0.84 3.67 10.02  0.35 1.94 5.58 
Mean       9.5 42 0.85 3.51 9.35  0.25 1.52 5.45 
NDL1       6.1 45 0.18 1.33 5.48  0.18 1.58 7.78 
NDL2       5.6 33 1.03 4.51 11.03  0.11 0.91 4.66 
NDL3     10.5 42 0.43 2.47 7.33  0.30 1.52 5.55 
NDL4       4.4 40 0.50 2.85 7.61  0.14 1.38 5.57 
NDL5       3.8 44 0.25 2.23 8.22  0.15 1.51 6.90 
Mean       6.1 41 0.48 2.68 7.94  0.18 1.38 6.09 
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Figure 3.4.  Particle-size distributions plotted on a phi (log2) scale for the surface and 
subsurface soils at Log Jumper (LJ) and Noddle (NDL). 

 

3.4.2.1. Summer Sediment Production  
 

Relatively large amounts of sediment were produced from most of the OHV trail 

segments with a sediment fence (Table 3.6).  No sediment was produced from the five 

segments at Log Jumper from November 2005 through April 2006 or any of the 10 

segments from November 2006 through December 2006, and this indicates that the 

summer 2006 values actually represent annual sediment production.  Sediment 

production was normalized by the segment length because this explained 76% of the 

variation in sediment production (p=0.001).  In contrast, the R2 values were only 0.40 for 

active area (p=0.05) and 0.16 for total area (p=0.12).   



 111

At Log Jumper the mean sediment production was 5.8 kg m-1 from 5 August to 31 

October 2005, and the range was from 1.1 to 8.8 kg m-1 (Table 3.6).  In 2006 the mean 

sediment production at Log Jumper was 53.3 kg m-1 yr-1 (s.d.=19.1 kg m-1 yr-1), or nearly 

ten times larger than in 2005.  At Noddle the mean sediment production in 2006 was only 

16.5 kg m-1 yr-1 (s.d.=16.1 kg m-1 yr-1), and this difference was significant (p=0.038).   

After normalizing by length, summer sediment production was most closely 

related to summer erosivity (R2=0.57; p=0.011).  Normalized sediment production also 

increased with segment slope (R2=0.50; p=0.022) and the mass of unconsolidated 

material (R2=0.43; p=0.039).  There also was a marginally significant relationship 

between unit length sediment production and the depth of incision (R2=0.38; p=0.057), 

which suggests that the measured sediment production rates are consistent with the long-

term erosion rates.  On a univariate basis, the 10 annual sediment production values from 

2006 (SPA) in kg yr-1 were best predicted using: 

 
SPA = 0.012(SL)1.8        (3.8) 

 
where SL is the segment slope (%) times the segment length (m).  This model had an R2 

of 0.72. 

 

3.4.2.2. Storm-based Sediment Production 
 
 The distribution of storm-based sediment production values was highly skewed, 

as the mean value was 114 kg as compared to the median value of only 5 kg.  As with 

summer sediment production, the storm-based sediment production values were 

normalized by segment length because segment length was slightly more strongly related 
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to sediment production (R2=0.08; p=0.0006) than either total area (R2=0.08; p=0.0010) or 

active area (R2=0.05; p=0.0082).  Storm-based sediment production rates were strongly 

dependent on storm erosivity (R2=0.67; p<0.0001) (Figure 3.5), storm I30 (R2=0.64; 

p<0.0001), and storm I10 (R2=0.63; p<0.0001), and sediment was produced from each of 

the segments when the maximum I30 exceeded 10 mm h-1.  Normalized storm-based 

sediment production increased with segment slope (R2=0.03; p=0.036) and decreased as 

the surface D50 increased (R2=0.03; p=0.048).  Each of these relationships is consistent 

with the underlying physical processes, but segment slope and surface D50 had relatively 

little explanatory power. 
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Figure 3.5.  Storm-based sediment production normalized by segment length versus 
storm erosivity (n=138).  The points indicated by an open diamond are the three 
outliers identified in the text. 
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The best empirical model for predicting storm-based sediment production is:  

 
 SPST = -156 + 3.22L + 2.71EI30      (3.9) 

 
where SPST is storm-based sediment production in kg, L is segment length in m, and EI30 

is storm erosivity in MJ mm ha-1 h-1.  This model has an R2 of 0.63, an adjusted R2 of 

0.62, and a relatively high root-mean-square error (RMSE) of 205 kg.  The evaluation of 

studentized residuals and quartile-quartile plots indicated that three of the data points 

were extreme outliers.  Two of the outliers represented the largest storm-based sediment 

production values at Log Jumper (LJ1) and Noddle (NDL3), respectively, and the third 

outlier was the lowest sediment production at Log Jumper (LJ3) for the largest rainstorm.  

If these three points are removed, the revised model becomes: 

 
 SPST = -86.9 + 1.87L + 2.26EI30      (3.10) 

 
This revised model has a much smaller intercept, a substantially higher R2 (0.80), and a 

much lower RMSE (89 kg). 

 

3.4.3. OHV Trail Surveys 
 

The survey of eight OHV trail sections in the RRMRA covered a total distance of 

10.1 km and identified 183 discrete segments (Table 3.8).  The longest section was 2.6 

km along the Noddle trail, while the shortest section was the 0.6 km section along the 

Log Jumper trail that included the five segments with sediment fences (Log Jumper-A).  

The surveyed length along the other six trails ranged from 1.0 to 1.3 km (Table 3.8). 
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Table 3.8.  Summary of the survey data from the eight OHV trail sections in the Rampart Range Motorized Recreation Area and the 
overall totals or means.  The means for the continuous variables are weighted by length.  The values for the categorical variables are the 
number of segments in each category, and the numbers in parentheses represent the percent of total length for each categorical variable. 
 

 Section name Bar 
Cabin 
Ridge 

Devil's 
Slide Gramps 

Log 
Jumper-A 

Log 
Jumper-C 

Long 
Hollow Noddle 

Total or overall 
mean 

Surveyed distance (m) 976 1,178 1,131 1,096 598 1,255 1,224 2,640 10,098 

Number of segments 24 11 19 18 16 23 19 53 183 

Mean segment length (m) 41 107 60 61 37 55 64 50 60, s.d.=22 

Mean segment slope (%) 11.9 7.3 9.0 5.5 16.1 8.0 11.5 12.7 10.3, s.d.=3.4 

Mean active width (m) 1.9 2.7 1.8 2.2 1.9 2.7 1.8 1.9 2.1, s.d.=0.4 

Mean incision depth (m) 0.32 0.04 0.22 0.20 0.34 1.24 0.13 0.24 0.33, s.d.=0.37 

Hillslope position                  

Ridgetop    2 (9)  11 (100)    2 (11)  16 (81)    1 (9)  21 (94)    4 (23)  19 (41) 76 (46) 

Midslope  21 (81)    0 (0)    1 (27)    2 (19)  14 (78)    2 (6)  10 (44)  22 (35) 72 (36) 

Valley bottom    1 (10)    0 (0)  16 (62)    0 (0)    1 (13)    0 (0)    5 (33)  12 (24) 35 (18) 

Presence of an inside ditch                  

Yes    0 (0)    0 (0)    0 (0)    0 (0)    0  (0)    1 (4)    0 (0)    0 (0)         1 (0.5) 

No  24 (100)  11 (100)  19 (100)  18 (100)  16 (100)  22 (96)  19 (100)  53 (100)     182 (99.5) 

Drainage outlet type                  

Pushout  20 (78)    6 (60)  13 (76)    5 (13)    5 (25)  15 (53)  10 (52)  23 (42)       97 (50) 

Culvert    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)         0 (0) 

Waterbar/dip    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)    0 (0)         0 (0) 

No drainage    4 (22)    5 (40)    6 (24)  13 (87)  11 (75)    8 (47)    9 (48)  30 (58)       86 (50) 

Outlet rill below drainage     4 (11)    1 (5)    1 (3)    1 (34)    2 (15)    7 (36)    1 (4)  11 (28)       28 (17) 

Sediment plume below drainage  22 (88)    7 (68)  13 (76)  14 (45)  14 (85)  15 (61)  15 (82)  35 (56)     135 (70) 

Roughness below sediment plume                  

High    6 (34)    2 (28)    4 (62)    4 (28)    0 (0)    1 (4)    4 (34)    5 (11)       26 (25) 

Medium  15 (63)    4 (66)    5 (23)  10 (72)    9 (60)  10 (58)    8 (47)  21 (59)       82 (56) 

Low    1 (3)    1 (6)    4 (15)    0 (0)    5 (40)    4 (38)    3 (19)    9 (30)       27 (19) 

Connectivity class 4 (%) 25.6 0.0 62.2 34.4 13.4 13.3 28.1 19.7 24.2, s.d.=18.5 
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The mean segment length was 60 m (s.d.=22 m), which is 33% longer than the 

mean length of 45 m for the segments with a sediment fence (Tables 3.6, 3.8).  The mean 

segment slope was 10.3% (s.d.=3.4%), which is slightly less than the mean value of 13% 

for the 10 segments with sediment fences (Tables 3.6, 3.8).  This difference is largely due 

to the fact that five of the monitoring segments were on the Log Jumper-A trail, which 

had the highest mean segment slope at 16% (Table 3.8).  The overall mean active width 

of 2.1 m and total width of 5.4 m were very comparable to the mean values for the 

segments with sediment fences (Tables 3.6, 3.8). 

All of the surveyed OHV trails were heavily used and had at least 85% bare soil 

on the active trail surface.  One-half of the surveyed length had no engineered drainage, 

while the other half was drained by pushouts (Figure 3.6).  Forty-six percent or 4.6 km of 

the surveyed length was on a ridgetop, 36% was in a midslope position, and 1.8 km or 

18% was in a valley bottom location (Table 3.8).  Ninety-three percent of the surveyed 

segments were incised into the hillslope, and the mean incised depth for the surveyed 

segments was 0.33 m as compared to the mean of 0.25 m for the segments with sediment 

fences (Tables 3.6, 3.8).  The shallower depth of incision on the monitoring segments is 

because two segments at Noddle were not incised (Table 3.6).  The overall presence and 

depth of incision suggests that nearly the entire OHV trail network has been generating 

approximately as much sediment as the segments with sediment fences.   

Seventy-four percent of the 183 segments had a sediment plume below the 

drainage outlet, 15% had an outlet rill, and only 11% had no drainage feature (Table 3.8).  

The mean sediment plume length was 26 m, and this was significantly less than the mean 

outlet rill length of 74 m (p<0.0001).  Twenty-one percent of the sediment plumes and  
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Figure 3.6.  A pushout drainage channeling runoff from the Devil’s Slide trail directly 
into a perennial stream channel that is just off the right side of the photograph. 

 

outlet rills that did not intersect a stream were more than 50 m in length, and 10% were 

longer than 100 m.  Outlet rills were only present when the hillslope gradient below the 

drainage outlet was more than 20%.   

The sediment plume and outlet rill lengths were positively and significantly 

correlated with the maximum rill depth on the trail surface (R2=0.19; p<0.0001), segment 

slope (R2=0.10; p<0.0001), segment length (R2=0.08; p=0.005), and the mean depth of 

trail incision (R2=0.03; p=0.047).  The best empirical model for predicting drainage 

feature lengths is: 

 
FL = 8.86 + 44.1OR + 16.4RD       (3.11) 
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where FL is the feature length in meters, OR is a binary variable where 0 represents a 

sediment plume and 1 indicates an outlet rill, and RD is a categorical variable for the 

maximum rill depth on the trail surface (<1 cm is 1, 1-10 cm is 2, 11-20 cm is 3, and >20 

cm is 4).  Maximum rill depth is relevant because deeper rills indicate more overland 

flow and erosive power (Knighton, 1998).  The R2 for this model is 0.41, the adjusted R2 

is 0.40, and the RMSE is 26.7 m or 76% of the mean value. 

Outlet rill volumes were significantly higher in valley bottom locations than on 

ridgetops (p=0.029).  The road erosion literature suggests that this difference could be 

due to the greater potential to intercept subsurface stormflow in valley bottoms than on 

ridgetops (Bowling and Lettenmaier, 2001).  In the case of the study area, however, the 

short duration of the sediment producing storms and the dry conditions during the 

summer mean that subsurface flow is unlikely to be intercepted by the OHV trails.  The 

outlet rills located in valley bottoms had higher corresponding hillslope gradients than the 

outlet rills in midslope and ridgetop locations (p=0.02), and the greater runoff energy 

associated with the steeper hillslope gradients is a more plausible explanation for the 

larger rill volumes in valley bottoms.  None of the other independent variables were 

significantly related to the volume of the outlet rills, so an empirical predictive model 

was not developed. 

Thirty-six or 20% of the 183 segments were delivering runoff and sediment to a 

stream channel (CC4).  These segments represented 24% of the surveyed length (Table 

3.8).  All of the OHV trails except for Cabin Ridge had at least one segment connected to 

a stream, and on the Devil’s Slide trail 84% of the segments were connected.  The 

proportion of an OHV trail classified as CC4 was best explained by the hillslope position 
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of the trail (p<0.0001), as 78% of the segments connected to a stream channel were 

located in valley bottoms, 14% were in a midslope position, and only 8% of the 

connected segments were on ridgetops (Figure 3.7).  Connectivity class increased with 

deeper rills on the trail surface (p<0.0001) and steeper segment slopes (p<0.0001).  

Deeper rills indicate more surface runoff and steeper segment slopes increase the energy 

of the runoff (Knighton, 1998), so it follows that feature length should increase with rill 

depth and segment slope.  The connectivity class also tended to be higher for wider active 

widths (p=0.086) and longer segments (p=0.097), as the amount of surface runoff will 

increase with segment area and more runoff should increase feature lengths. 
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Figure 3.7.  Percent of OHV trail length that is delivering runoff and sediment to the 
stream network (CC4) by hillslope position. 
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3.4.4. Model Testing 
 
 There was a strong correlation between the measured sediment production values 

and the predicted values using WEPP:Road (R2=0.80) and SEDMODL2 (R2=0.71), but 

this correlation only shows that the predicted values followed the same relative trends in 

the measured data (Figures 3.8, 3.9).  In absolute terms neither of the models was more 

accurate than simply using the mean measured value, as the R2
eff was -0.37 for 

WEPP:Road and -2.0 for SEDMODL2 (Table 3.9).  Overall, WEPP:Road greatly under-

predicted sediment production from the OHV trail segments, while SEDMODL2 

consistently over-predicted sediment production (Figures 3.8, 3.9).  The overall RMSE 

for WEPP:Road was 2134 kg yr-1, or about 1.5 times the mean measured value, while the 

RMSE for SEDMODL2 was 3161 kg yr-1.  As indicated by the high R2 values, the 

absolute magnitude of the prediction errors increased as the measured values increased, 

and the larger RMSE for SEDMODL2 relative to WEPP:Road is largely due to the severe 

over-prediction for one segment on the Log Jumper trail (LJ4).  If this data point is 

removed from the dataset, the R2
eff for SEDMODL2 improves from -2.0 to -0.34 and the 

RMSE drops by one-third to 2078 kg yr-1. 

 
Table 3.9.  Statistics comparing the use of WEPP:Road and SEDMODL2 to predict 
sediment production from OHV trail segments. 

 
Statistic WEPP:Road SEDMODL2 

R2 0.80 0.71 

R2
eff -0.37 -2.01 

RMSE (kg yr-1) 2134 3161 
b (slope) 0.05 1.62 
a (intercept) (kg yr-1) 63 1448 
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Figure 3.8.  Predicted sediment production using WEPP:Road versus the measured 
values (n=15). 
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Figure 3.9.  Predicted sediment production using SEDMODL2 versus the measured 
values (n=15). 
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3.5. DISCUSSION 
 
3.5.1. Sediment Production 
 

Sediment production from OHV trails increased with segment length and segment 

slope, and similar relationships have been documented for sediment production from 

forest roads (e.g., Luce and Black, 1999; MacDonald et al., 2001; Ramos-Scharrón and 

MacDonald, 2005; Coe, 2006).  The physical basis for these relationships is that the 

amount of surface runoff increases with increasing length or surface area, and the amount 

of shear stress and sediment transport capacity are directly proportional to segment slope 

(Knighton, 1998).  Alternatively, some road erosion studies have shown that segment 

length or area times segment slope, sometimes raised to a power from 1.0 to 2.0, is an 

accurate predictor of road sediment production (Luce and Black, 1999; Ramos-Scharrón 

and MacDonald, 2005).  In this study segment length times segment slope raised to the 

1.8 power (equation 3.8) explained 72% of the variability in annual sediment production 

from OHV trails.  These results—plus the similarities in runoff and erosion processes—

indicate that much of the research on road sediment production should be applicable to 

OHV trails. 

Annual sediment production also increased with an increasing mass of 

unconsolidated material on the segment surface (p=0.039).  This loose unconsolidated 

sediment was relatively coarse and had little or no cohesion.  Road erosion studies have 

shown that sediment production increases with the amount of easily detached particles on 

the road surface (e.g., Luce and Black, 1999; Ziegler et al., 2001a; Ramos-Scharrón and 

MacDonald, 2005; Coe, 2006).  The main difference between these road erosion studies 

and the OHV trails in the USPR watershed is that the unconsolidated material on the 
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OHV trails is primarily sand and fine gravel and therefore much coarser (Table 3.7; 

Figure 3.4).  Nevertheless, the positive correlations between sediment production and 

both the mass of unconsolidated material and storm erosivity (Figure 3.5) indicate that 

the surface runoff from the OHV trails is sufficient to detach and transport some of this 

surface material.  The deficit of fine particles in the unconsolidated material on the trail 

surface relative to the subsurface soils (Table 3.7; Figure 3.4) also indicates that the 

smaller particles are being preferentially eroded.   

Traffic increases the supply of unconsolidated particles on the road surface by 

breaking down the larger particles (Bilby et al., 1989; Foltz, 1996; Ziegler et al., 2001a), 

and traffic also can pump more fines to the surface under wet conditions (Bilby et al., 

1989; Ziegler et al., 2001b).  However, this latter process is probably less important in 

this study due to the relatively dry conditions and the relative lack of fine particles in the 

subsurface soils (mean D16=0.21 mm; Table 3.7).  The incision of the OHV trails into the 

hillslope means that there is a tendency for the dirt bikes and all-terrain vehicles (ATVs) 

to drive on the exposed sideslopes, particularly on the outside corners, and this sideslope 

erosion further increases the supply of unconsolidated material and finer particles.  These 

trends and processes indicate that sediment production from OHV trails would be 

reduced by reducing the number of users. 

Sediment production from the OHV trails also increased with the depth of trail 

incision (p=0.057).  This intuitively makes sense, as a greater incision depth indicates a 

higher average sediment production rate since a given trail was created.  The depth of 

incision was weakly but significantly correlated with the gradient of the adjacent hillslope 

(R2=0.09; p=0.0002), as more incision is needed to create a horizontal trail surface of 
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uniform width on steeper hillslopes.  Since particle resistance to incipient motion 

decreases as slope increases (Cutnell and Johnson, 2004), trail incision should increase on 

steeper hillslopes as the vehicles drive on the exposed sideslopes and detach soil 

particles.  These physical relationships indicate that the depth of incision and sediment 

production rates can be reduced by constructing and relocating OHV trails onto more 

gentle hillslopes. 

In 2006 the mean annual sediment production at Log Jumper was 6.8 times higher 

than at Noddle (p=0.04), and this difference can be attributed to the differences in mean 

segment length, summer erosivity, mean segment slope, and mean trail incision.  The 

relative importance of these factors can be assessed by the magnitude and significance of 

the remaining difference after normalizing the data by each of these variables.  At Log 

Jumper the mean segment length was 1.7 times the mean value at Noddle, and 

normalizing sediment production by segment length reduced the difference in sediment 

production to a factor of 3.2 (p=0.04).  The summer erosivity at Log Jumper was four 

times the summer erosivity at Noddle, and normalizing sediment production by summer 

erosivity reduced the difference between sites to a factor of 1.7, and this residual 

difference was not significant at p=0.27.  The mean segment slope was 1.3 times higher 

at Log Jumper than at Noddle, but normalizing sediment production by segment slope 

only reduced the difference between study sites to a factor of 5.8 (p=0.03).  The mean 

trail incision depth was 0.38 m at Log Jumper, or 3.4 times the value at Noddle, and 

sediment production normalized by incision depth was only 1.4 times higher at Log 

Jumper than at Noddle (p=0.34).  These results indicate that the large difference in 
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sediment production between sites can be attributed primarily to the much higher summer 

erosivity and deeper trail incision at Log Jumper as compared to Noddle. 

A key question for assessing cumulative watershed effects is how sediment 

production rates from the OHV trails compare to the values from unpaved roads.  A 

unique aspect of the present study is that sediment production rates were available from 

14-22 native surface road segments in the same study area for 2001 to 2006 (Libohova, 

2004; Brown, 2008; Chapter 2).  Over this six-year period the mean road sediment 

production rate was 3.5 kg m-2 yr-1, but the mean annual values varied from 0.5 kg m-2 

yr-1 to 6.7 kg m-2 yr-1, largely in response to the interannual variations in rainfall intensity 

and erosivity (Libohova, 2004; Brown, 2008; Chapter 2).  In 2006 the mean annual 

sediment production rate from the 21 road segments was 3.1 kg m-2 yr-1, which was just 

11% below the overall mean.  In contrast, the mean value from the 10 OHV trail 

segments was six times greater or 18.5 kg m-2 yr-1 in 2006 (p=0.01), and the OHV trail 

segments had a much greater range of sediment production values (Figure 3.10).  Almost 

half of this six-fold difference in unit area sediment production can be attributed to a 

difference in summer erosivity, as the mean summer erosivity for the OHV trail segments 

in 2006 was 1150 MJ mm ha-1 h-1 or 2.2 times the mean value for the road segments.  If 

the sediment production data are normalized by summer erosivity (EI30), the OHV 

segments generated 0.024 kg m-2 EI30
-1 yr-1, or twice the value of 0.012 kg m-2 EI30

-1 yr-1 

for the road segments, and this remaining difference was still significant at p=0.03. 
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Figure 3.10.  Boxplots of unit area sediment production from 21 road segments and 
10 OHV trail segments in 2006.  The small squares are the median, the boxes 
represent the 25th and 75th percentiles, the bars indicate the 95% confidence interval, 
and the closed circle is an outlier. 

 

The remaining two-fold difference in sediment production rates between OHV 

trails and roads can be most easily attributed to the significant difference in segment 

slopes, as the OHV trail segments had a mean slope of 13% compared to 10% for the 

road segments (p=0.048).  Sediment production increased with increasing segment slope 

for both OHV trails (p=0.02) and roads (p<0.0001).  Normalizing the unit area sediment 

production rates by both summer erosivity and segment slope reduces the difference in 

sediment production between OHV trails and native surface roads to a factor of 1.4, 

which is not significant (p=0.34). 
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Other factors—particularly the greater amount of traffic and the greater amount of 

unconsolidated material on the OHV trails—also may contribute to the greater sediment 

production from the OHV trails relative to roads.  For forest roads the average traffic rate 

ranged from 0.3 to 3.2 vehicles per day (Chapter 2), while for OHV trails the estimated 

traffic rates during the summer ranged from about 10 vehicles per day on weekdays to 50 

vehicles per day on weekends.  The amount of unconsolidated material was not measured 

on the unpaved road segments, but field observations indicated that the OHV trails had at 

least an order of magnitude more unconsolidated material on the travelway than the 

roads.  These two factors are not independent, as the greater amount of unconsolidated 

material on the OHV trails is at least partially due to the higher traffic rates and possibly 

also the type of traffic.  Although the contribution of these two factors to the difference in 

sediment production between OHV trails and roads cannot be readily quantified, the 

observed difference in sediment production rates can be explained by the differences in 

the key underlying causal processes, namely summer erosivity, segment slope, and 

traffic. 

 

3.5.2. Sediment Delivery 
 

The effects of OHV trails on water quality and stream habitat are dependent on 

the connectivity between OHV trails and the stream channel network.  Connectivity to 

streams should increase with increasing OHV trail and stream densities (Jones et al., 

2000; Coe 2006), and also should increase with the transport distance of runoff and 

sediment from OHV trails.  Transport distance varied with the type of geomorphic feature 
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below the drainage outlet, as the mean length of outlet rills was about three times the 

mean length of sediment plumes. 

Outlet rills were more common on steeper hillslopes (p=0.001), steeper segments 

(p=0.02), and longer segments (p=0.02).  These relationships have a strong physical 

basis, as runoff delivered onto steeper hillslopes will have more energy and erosive 

power.  Longer segments generate more surface runoff and sediment that is more likely 

to travel further, and steeper segments have more runoff energy and higher sediment 

production rates.  The increase in shear stress associated with longer and steeper 

segments increases the likelihood of an outlet rill, and this trend is consistent with studies 

of sediment delivery from forest roads (Montgomery, 1994; Wemple et al., 1996; Coe, 

2006).  

The outlet rill and sediment plume lengths reported in this study are greater than 

the values reported for forest roads on granite geologies.  In the central Sierra Nevada of 

California the mean length for sediment plumes and outlet rills from unpaved roads was 

12 m (Coe, 2006), and a nearly identical value of 11 m was reported for unpaved roads in 

the Idaho batholith (Megahan and Ketcheson, 1996).  Similarly, the mean length of 

sediment plumes and outlet rills from road segments in this study area was 25 m 

(Libohova, 2004), or 29% less than the overall mean length of 35 m for the outlet rills 

and sediment plumes from OHV trails.  The longer feature lengths from OHV trails is 

somewhat surprising since the mean contributing area of the road segments is 2.5 times 

the mean contributing area of the OHV trails.  If the drainage feature lengths are 

normalized by mean contributing area, the mean length of the drainage features from 

OHV trails are 3.5 times the mean length from roads. 
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There are at least two reasons for this large difference in drainage feature length 

per unit of segment surface area.  First, the mean segment slope is 30% higher on OHV 

trails than on roads, and this increases the erosive power and the transport capacity of the 

runoff on OHV trails relative to the roads.  Second, the mean hillslope gradient below 

OHV trails is 1.5 times greater than the mean hillslope gradient below roads, and this 

again increases the runoff energy and erosive power relative to the runoff from the road 

segments.  These results show that the greater erosive power and transport capacity of 

runoff from OHV trails due to the steeper segment slopes and steeper hillslopes more 

than counterbalances the larger amount of runoff from roads.  These relationships mean 

that the probability and length of outlet rills from OHV trails can be most easily reduced 

by decreasing segment lengths and increasing the number of drainage points.  A better 

solution would be to outslope and relocate the OHV trails in order to reduce segment 

slopes and hillslope gradients, but this would be a much more expensive alternative.  It 

also is not clear whether outsloping could be maintained given the highly erodible soils 

and high traffic rates. 

Another important question for assessing cumulative watershed effects is how the 

connectivity between OHV trails and streams compares to the connectivity between roads 

and streams.  A survey of 17.3 km of roads in the study area showed that only 14% of the 

road length was delivering sediment to the stream network (Libohova, 2004; Brown, 

2008) as compared to 24% for the OHV trails.  As with the OHV trails, there was 

considerable variability in connectedness; values ranged from 0% for the Kelsey and 

Nighthawk roads to 67% for the Trumbull road.  The higher connectivity for the OHV 

trails is largely because 19% of the OHV trails were in the valley bottoms as compared to 
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only 4% of the roads.  The strong propensity of connected segments to be located in the 

valley bottoms means that relocating roads and OHV trails out of the valley bottoms 

would have the greatest benefit in terms of reducing sediment delivery to streams. 

 The availability of sediment production and delivery data from both OHV trails 

and roads provides a unique opportunity to compare their relative contribution to 

watershed-scale sediment yields.  The density of OHV trails in the Horse Creek, Buffalo 

Creek, and Waterton-Deckers subbasins of the USPR watershed is 0.2 km km-2, while the 

density of roads is three times greater at 0.6 km km-2.  The mean width of OHV trails was 

2.0 m as compared to 3.2 m for the relatively narrow roads.  The measured annual 

sediment production rates for OHV trails and roads were normalized by the summer 

erosivity, averaged, and then multiplied by the mean annual rainfall erosivity of 340 MJ 

mm ha-1 h-1 (Renard et al., 1997) (Table 3.10).  This yielded a mean annual sediment 

production value of 4.1 kg m-2 yr-1 for roads and 8.2 kg m-2 yr-1 for OHV trails.  

Multiplying these values by the respective mean active widths and densities yielded a 

watershed-scale sediment production rate of 7.8 Mg km-2 yr-1 for roads and 3.3 Mg km-2 

yr-1 for OHV trails.  Multiplying these sediment production values by the percent of 

length connected to the stream channels indicates that roads are delivering approximately 

1.1 Mg km-2 yr-1, while OHV trails are delivering about 0.8 Mg km-2 yr-1, or nearly as 

much as the road network (Table 3.10).  These calculations indicate that OHV trails are 

nearly as an important sediment source as unpaved roads in this portion of the USPR 

watershed.   
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Table 3.10.  Estimated sediment delivery to stream channels from OHV trails and 
roads in the 570 km2 study area using a mean annual erosivity (EI30) of 340 MJ mm 
ha-1 h-1. 
 

Sediment  Density 
Active 
width 

Normalized 
sediment 

production Connectivity 
Sediment 
delivery 

source (km km-2) (m) (kg m-2 EI30 -1 yr-1) (%) (Mg km-2 yr-1) 

OHV trails 0.2 2.0 0.024 24 0.8 

Roads 0.6 3.2  0.012 14 1.1 
 
 
 
3.5.3. WEPP:Road and SEDMODL2: Sensitivity and Possible Improvements 
 

The low Nash-Sutcliffe efficiency (R2
eff) and high root-mean-square error 

(RMSE) values indicate that neither WEPP:Road nor SEDMODL2 can accurately predict 

sediment production from OHV trail segments (Table 3.9).  Differences between the 

measured and predicted sediment production values can result from model errors, errors 

in the input data, and errors in the measured sediment production (“output data”).  The 

uncertainty of several key inputs and outputs were quantified in Chapter 2, and this 

indicated that the inaccurate predictions for road sediment production were primarily a 

result of model errors.   

Sensitivity analyses were conducted to identify the variables in WEPP:Road and 

SEDMODL2 with the largest effect on predicted sediment production.  If the predicted 

effect of key variables on sediment production is inconsistent with the corresponding 

relationships derived from the field data, this suggests that one or more of the governing 

equations are incorrect.  The baseline OHV trail segment used for the sensitivity analysis 

of WEPP:Road was based on the mean values from this study: 45 m length, 2.0 m width, 
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13% gradient, outsloped design with ruts, native surface, sandy loam soil texture with a 

soil rock content of 42%, and high amounts of traffic.   

Figure 3.8 showed that WEPP:Road severely under-predicted the sediment 

production from OHV trails, but the R2 of 0.80 indicates that the predicted values were 

well correlated with the observed values.  The detailed comparisons of the road sediment 

production rates and the predicted values using WEPP:Road (Chapter 2) indicated that 

the governing equations for precipitation, soil rock content, and segment slope need 

revising, and the same concerns may be raised for predicting sediment production from 

OHV trails.   

The sensitivity analysis of WEPP:Road conducted for road sediment production 

showed a nonlinear increase in predicted sediment production with increasing annual 

precipitation (Figure 2.13).  For the baseline OHV trail segment a doubling of the mean 

monthly precipitation for the Cheesman climate increased the predicted sediment 

production from 105 kg yr-1 to 227 kg yr-1, or 2.15 times.  Reducing the mean monthly 

precipitation values to 0 mm still resulted in a mean sediment production rate of 53 kg 

yr-1 because the annual precipitation over the 50 years of simulated climate still ranged up 

to 375 mm.  This result helps to explain the decline in sensitivity as the mean annual 

precipitation decreases, as most of the sediment is generated by the wetter years that are 

still present regardless of the annual mean.  

An analysis of the field data from the OHV trail segments shows that storm-based 

sediment production increases linearly with storm rainfall (R2=0.31; p<0.0001): 

 
SPST = 0.42P – 2.67         (3.12) 
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where SPST is storm-based sediment production in kilograms per meter of segment length 

and P is storm rainfall in mm.  This equation indicates that doubling the storm rainfall 

from the mean value of 11.3 mm to 22.6 mm should increase sediment production by 3.3 

times, which is 53% more than the increase predicted by WEPP:Road as a result of 

doubling the mean annual rainfall.  This suggests that WEPP:Road under-predicts the 

increase in sediment production with increasing precipitation, and this is consistent with 

the overall tendency of WEPP:Road to under-predict sediment production from the OHV 

trails in this study. 

The sensitivity analysis in Chapter 2 showed that increasing the soil rock content 

exponentially increased sediment production predicted with WEPP:Road until the soil 

rock content exceeded 50% (Figure 2.14).  Further increases in the soil rock content had 

no effect.  The initial increase in predicted sediment production with increasing soil rock 

content is due to the decrease in porosity and the increased tortuosity of the subsurface 

flow paths (Flanagan and Nearing, 1995).  These changes decrease the hydraulic 

conductivity and increase the magnitude and frequency of overland flow. 

An analysis of the field data shows no significant relationship between soil rock 

content and OHV trail sediment production normalized by segment length and summer 

erosivity (p=0.46).  Road erosion studies in Colorado (Chapter 2), Montana (Sugden and 

Woods, 2007), and California (Coe, 2006) as well as a hillslope erosion study in Spain 

(Cerda, 2001) have all shown a decrease in sediment production as soil rock content 

increases.  This decrease is probably due to the greater proportion of coarse particles on 

the surface, which dissipate rainsplash energy, increase the critical shear stress, and 

increase surface roughness (Knighton, 1998; Luce and Black, 1999; Cerda, 2001).  The 
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absence of a similar relationship for the OHV trail segments in this study may be due to 

the limited sample size, but the large amount of coarse unconsolidated sediment on the 

OHV trails suggests that the high amounts of OHV traffic may have a somewhat different 

effect on the trail surface in this geologic setting than the light traffic on the native 

surface roads.   

A series of simulations with WEPP:Road showed that the predicted sediment 

production for the baseline OHV trail segment increased linearly with segment slope 

(R2=0.99; p<0.0001): 

    
SPP = 7.52(S) + 2.72        (3.13) 

 
where SPP is predicted sediment production using WEPP:Road in kg yr-1 and S is 

segment slope (%).  The linear relationship caused the relative sensitivity coefficient (RS) 

values to range from only 0.75 to 1.25 regardless of the absolute change in segment slope 

for the baseline segment.  This indicates that a given percent change in segment slope 

leads to a roughly similar percent change in the predicted sediment production.  

An analysis of the field data showed that 50% of the variability in annual 

sediment production from OHV trails can be explained by segment slope: 

 
SPA = 3.88(S) – 16.3        (3.14) 

 
where SPA is annual sediment production (kg m-1 yr-1) and S is segment slope (%).  

Doubling the mean segment slope from 13% to 26% in equation 3.14 increases the 

expected sediment production from 34.1 kg m-1 yr-1 to 84.6 kg m-1 yr-1, or 2.5 times.  This 

indicates that the predicted increases in OHV trail sediment production in WEPP:Road 
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with increasing segment slope are too small, and the slope of the linear regression in 

WEPP:Road (equation 3.13) should be steeper. 

In contrast to WEPP:Road, SEDMODL2 severely over-predicted the sediment 

production from OHV trails (Figure 3.9), and this indicates that one or more of the factor 

values are too high.  The sensitivity analysis for SEDMODL2 and the analysis of the field 

data from unpaved roads (Chapter 2) showed that the maximum geology factor of 5.0 is 

still too low given the highly erodible soils in the study area.  This indicates that there is 

little basis for lowering the geology factor in order to reduce the over-prediction for OHV 

trails.  The detailed analyses in Chapter 2 also indicated that the governing equations in 

SEDMODL2 for the traffic and rainfall factors may need to be revised in order to 

improve model performance for OHV trails, and the following sections conduct a 

sensitivity analysis of these two factors and compare these results against the trends in the 

field data.  As in Chapter 2, the baseline OHV trail segment for the sensitivity analyses 

used the mean parameter values from this study, and these were a geology factor of 5.0, a 

road age factor of 1.0, a road surface factor of 2.0, a traffic factor of 10.0, and 237 mm of 

summer rainfall. 

The traffic factor is one of the most important variables in SEDMODL2, as values 

can range from 0.1 to a maximum of 120 for wide roads with more than five log trucks 

per day (BCC and NCASI, 2003).  The linear structure of SEDMODL2 means that a unit 

change in the categorical traffic factor causes a corresponding unit change in predicted 

sediment production.  The documentation for SEDMODL2 (BCC and NCASI, 2003) 

indicates that the traffic factor values were developed with road erosion data from the 

Pacific Northwest (Reid and Dunne, 1984; Foltz, 1996; WDNR, 1997), but the ratios 
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between the values for high traffic roads and low traffic roads indicate that the values 

were based primarily on the data from Reid and Dunne (1984). 

The selected traffic factor of 10.0 for the OHV trail simulations was estimated 

from the traffic rates observed during the summer field work and the technical 

documentation for SEDMODL2 (BCC and NCASI, 2003).  However, the applicability of 

the traffic factor values in SEDMODL2 to OHV trails is uncertain for several reasons.  

First, the OHV trails are much narrower than roads, so the same number of vehicles on 

OHV trails will cause a proportionately greater amount of disturbance per unit area.  

Second, the dirt bike and ATV tires have a more rugged tread than most road tires, and 

this will increase the supply of easily erodible material relative to the same amount of 

traffic on unpaved roads.  Finally, the driving style on OHV trails is much more 

aggressive, and this also is likely to increase the amount of loose sediment on OHV trails.  

Each of these differences would be expected to increase the effect of increasing traffic on 

sediment production as compared to roads.  The problem is that SEDMODL2 is already 

over-predicting sediment production from OHV trails, so any increase in the traffic factor 

would further reduce the absolute accuracy of SEDMODL2.  A calibration of the traffic 

factor against the field data suggests that it should be reduced from 10.0 to 4.0, and this 

one change greatly improves the R2
eff from -2.01 to a very respectable value of 0.71.   

A nonlinear equation (equation 3.5) is used to calculate the rainfall factor in 

SEDMODL2 (BCC and NCASI, 2003).  This equation uses annual rainfall rather than 

total precipitation because road sediment production from snowmelt is nearly an order or 

magnitude lower than the sediment generated from an equivalent amount of rainfall 

(Vincent, 1985; BCC and NCASI, 2003).  The field data collected for this study showed 
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that snowmelt did not generate any sediment from the OHV trail segments, and this is 

why only the measured summer rainfall was used to calculate the rainfall factors used in 

SEDMODL2. 

A sensitivity analysis shows that a doubling of the rainfall from the mean 

observed value of 237 mm to 474 mm increases the predicted sediment production for the 

baseline OHV trail segment from 3400 kg yr-1 to 9700 kg yr-1, or 2.83 times.  The 

exponent of 1.5 in equation 3.5 causes RS to increase from 1.17 when there is 59 mm of 

rainfall to 1.83 when there is 474 mm of rainfall.  This indicates that wetter years have a 

proportionally larger effect on predicted sediment production than drier years, and this is 

consistent with data from road erosion studies (e.g., Swift, 1984; Luce and Black, 2001).  

The nonlinear rainfall factor in SEDMODL2 (equation 3.5) is based on data from the 

Pacific Northwest and the Appalachian Mountains (Swift, 1984; Luce and Black, 1999), 

but other road erosion studies have shown a linear relationship between precipitation and 

road sediment production (Libohova, 2004; Ramos-Scharrón and MacDonald, 2005; Coe, 

2006; Brown, 2008).   

An analysis of the field data yielded a linear regression between storm rainfall and 

storm-based sediment production from the OHV trails (equation 3.12).  However, the 

negative intercept means that doubling the mean storm rainfall from 11.3 mm to 22.6 mm 

increases the predicted sediment production value by 3.3 times.  This increase is only 

slightly more than the 2.8-fold increase predicted by the nonlinear function in 

SEDMODL2, suggesting that equation 3.5 is relatively applicable to the study area.  A 

potentially much greater improvement in the performance of SEDMODL2 might be 

possible in monsoon-dominated climates by: (1) substituting rainfall I30 or erosivity for 
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the rainfall depth, as these were much more closely correlated with storm-based OHV 

trail sediment production (R2=0.64-0.67 vs. 0.31); and (2) collecting sufficient field data 

to calibrate SEDMODL2 for the local relationship between rainfall and sediment 

production. 



 138

3.6. CONCLUSIONS 
 
 Erosion is an important environmental issue in the Upper South Platte River 

(USPR) watershed of Colorado because it is the primary source of drinking water for 

Denver, has a high-value fishery, and water quality is impaired by high levels of sediment 

(CDPHE, 2006; CDPHE, 2008; EPA, 2008).  In order to evaluate the effects of OHV 

trails on water quality and stream habitat in the USPR watershed, rainfall, site 

characteristic, and sediment production data were collected from 5-10 OHV trail 

segments from August 2005 to October 2006.  These data also were used to develop an 

empirical model for predicting storm-based sediment production from OHV trail 

segments, and to test the accuracy of WEPP:Road and SEDMODL2 for predicting annual 

sediment production from OHV trails.  Over 10 km of OHV trails were surveyed to 

evaluate the presence and length of drainage features and assess trail-stream connectivity.  

A more extensive and longer term dataset was available for forest roads in the study area, 

and this allowed a comparison of OHV trail and road sediment production, sediment 

delivery, and watershed-scale sediment yields. 

 In summer 2006 the mean sediment production was 53.3 kg per meter of OHV 

trail for the five segments at Log Jumper and 16.5 kg m-1 for the five segments at Noddle 

(p=0.04).  The 4-fold difference in summer erosivity between the two study sites explains 

much of this difference in sediment production.  OHV trail sediment production 

significantly increased with increasing segment slope (p=0.02) and the amount of 

unconsolidated material on the surface (p=0.04).  There also was a marginally significant 

relationship between sediment production and the depth of trail incision (p=0.057).  Each 

of these variables has a strong physical basis, as rainfall erosivity is related to both the 
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energy available for soil detachment by rainsplash and the amount of runoff, segment 

length is related to the amount of runoff, segment slope is related to the shear stress and 

transport capacity of the runoff, the mass of unconsolidated material characterizes the 

supply of easily erodible sediment particles, and incision depth is a surrogate for long-

term sediment production rates.  The best multivariate model for predicting storm-based 

sediment production was more parsimonious, as it used only storm erosivity and segment 

length (R2=0.80).   

Both WEPP:Road and SEDMODL2 were very poor predictors of the sediment 

production from OHV trail segments, as indicated by the respective R2
eff values of -0.37 

and -2.01.  The much higher R2 values of 0.80 for WEPP:Road and 0.71 for SEDMODL2 

indicate that the models can identify which segments are most likely to be generating the 

most sediment.  Analyses of the field data indicate that the performance of both models 

can be improved by substituting erosivity for precipitation, as sediment production was 

much more strongly related to storm erosivity (R2=0.67) than storm rainfall (R2=0.31).  

Calibration of the traffic factor in SEDMODL2 reduced the selected value from 10.0 to 

4.0, and this one change greatly improved model performance (R2
eff =0.71).  The results 

of the model testing indicate that SEDMODL2 is more useful for predicting OHV trail 

sediment production than WEPP:Road; however, more data and testing are needed to 

improve the accuracy of predicted OHV trail sediment production across a range of 

climates and geologies. 

Eighty-nine percent of the 183 surveyed OHV trail segments had a sediment 

plume or an outlet rill below the drainage outlet.  Sediment plumes were much more 

common, as these were present below 74% of the surveyed segments and outlet rills were 
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present below 15% of the segments.  Outlet rills were found only when the hillslope 

gradient exceeded 20%, and were more likely to be present below steeper and longer 

segments.  On the other hand, the mean length of the outlet rills was 74 m, or nearly three 

times the mean length of sediment plumes.  The length of the sediment plumes and outlet 

rills was best predicted by the maximum rill depth on the trail surface and the presence or 

absence of an outlet rill (R2=0.41).  Twenty-four percent of the surveyed OHV trail 

length was delivering sediment to the stream network, and 78% of the connected 

segments were in the valley bottoms rather than on ridgetops or midslopes. 

In 2006 the unit area sediment production from OHV trails was six times higher 

than from forest roads (p=0.012), but this was reduced to a factor of two after 

normalizing by summer erosivity (p=0.033).  The higher unit area sediment production 

from OHV trails can be attributed to the steeper segment slopes, higher traffic loads, and 

much greater amount of unconsolidated material on the surface of the OHV trails. 

The density of OHV trails in the study area of the USPR watershed is 0.2 km 

km-2, and this is just one-third of the value for forest roads.  Nevertheless, the roads are 

estimated to be producing approximately 7.8 Mg km-2 yr-1, while the OHV trails are 

producing about 3.3 Mg km-2 yr-1.  Multiplying these watershed-scale sediment 

production rates by the percent of length connected to streams indicates that roads are 

delivering approximately 1.1 Mg km-2 yr-1, and OHV trails are delivering about 0.8 Mg 

km-2 yr-1.  These calculations show that the greater watershed-scale sediment production 

rates from roads are largely counterbalanced by the higher connectivity between OHV 

trails and stream channels.   
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The results of this study show that OHV trails are a chronic sediment source in 

the USPR watershed, and they deliver nearly as much sediment to streams as unpaved 

roads.  Resource managers can most efficiently reduce the amount of sediment being 

delivered from OHV trails by: (1) relocating the OHV trails out of valley bottoms; (2) 

locating trails on more gentle hillslopes so that incision is decreased and the probability 

of an outlet rill is reduced; (3) constructing more diversions to reduce segment lengths 

and hence the amount of runoff from individual segments; and (4) reducing segment 

slopes to decrease runoff energy.
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4. CONCLUSIONS 
 

This study evaluated sediment production and delivery from forest roads and 

OHV trails in the Upper South Platte River (USPR) watershed of Colorado.  These issues 

are of great concern because this watershed is the primary source of water for Denver, 

has a high-value fishery, and several stream reaches are impaired by high levels of 

sediment.  Accurate predictions of sediment production are needed to improve water 

quality and evaluate cumulative watershed effects, so the first objective of this study was 

to test the accuracy of WEPP:Road, SEDMODL2, and two local empirical models for 

predicting road sediment production (Chapter 2).  The dataset to achieve this objective 

consisted of rainfall, site characteristic, and sediment production measurements for 14-22 

native surface road segments from 2001 to 2006.  The second main objective of this study 

was to quantify the sediment production and delivery from OHV trail segments (Chapter 

3), as OHV trails are another potentially important but unquantified sediment source.  To 

this end rainfall, site characteristic, and sediment production data were collected for 5-10 

OHV trail segments from 2005 to 2006, and trail-to-stream connectivity was assessed by 

detailed surveys along 10 km of OHV trails.  The third main objective of this study was 

to compare the sediment production, sediment delivery, and sediment yields from roads 

and OHV trails in the study area of the USPR watershed (Chapter 3). 

The overall mean road sediment production rate from 2001-2006 was 3.5 kg m-2 

yr-1, and the mean values for individual segments over this period ranged from 0.5 to 7.1 

kg m-2 yr-1.  Sediment production varied greatly between study sites, and this was largely 
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explained by differences in the amount and intensity of summer rainfall (Libohova, 2004; 

Brown, 2008).  Intra-site variability in road sediment production was best explained by 

road segment slope and the amount of bare soil (Brown, 2008). 

In 2006 the mean sediment production rate from the OHV trail segments was 53.3 

kg m-1 yr-1 at Log Jumper and 16.5 kg m-1 yr-1 at Noddle (p=0.025).  Summer erosivity 

was four times higher at Log Jumper than at Noddle, and normalizing by this variable 

eliminated the significant difference in sediment production between these two study 

sites (p=0.36).  Storm-based sediment production from the OHV trail segments was best 

predicted by storm erosivity and segment length (R2=0.80).  Within each study site 

sediment production was significantly related to: (1) segment length, as this affects the 

amount of runoff; (2) segment slope, as this affects runoff energy; and (3) the depth that 

the trail is incised into the hillslope, as this is an index of long-term sediment production. 

In 2006 the mean sediment production rate for the 21 road segments was 3.1 kg 

m-2 yr-1, or only one-sixth of the mean value for the 10 OHV trail segments (p=0.01).  

Normalizing by summer erosivity explained about 50% of the observed difference in 

sediment production between the roads and OHV trails (p=0.03).  The mean slope of the 

OHV trail segments also was 30% higher than the mean slope of the road segments 

(p=0.048), and if the data are normalized by both summer erosivity and segment slope 

there was no significant difference in sediment production between the roads and OHV 

trails (p=0.34).  

Ninety-two percent of the 183 surveyed OHV trail segments had an outlet rill or 

sediment plume (“drainage feature”) below the drainage outlet.  Outlet rills were present 

below only 15% of the surveyed segments, and they existed only when the hillslope 
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gradient exceeded 20%.  The mean length of the outlet rills was 74 m as compared to 26 

m for the sediment plumes (p<0.0001).  Drainage feature lengths were best predicted 

using a binary variable for the type of drainage feature and the maximum rill depth on the 

segment surface (R2=0.41).  The maximum rill depth on the segment surface was 

significantly related to the product of segment length and segment slope (R2=0.33; 

p<0.0001).   

Twenty-four percent of the OHV trail length was connected to the stream channel 

network by outlet rills or sediment plumes.  The percent of length connected varied 

greatly between trails, and percent connectivity was strongly correlated (R2=0.62) with 

the percent of trail length located in a valley bottom.  The results indicate that sediment 

production and delivery from OHV trails can be reduced by: (1) locating trails out of the 

valley bottoms to increase the distance to streams; (2) constructing more diversions to 

shorten segment lengths and reduce the amount of runoff and sediment being discharged 

at one location; (3) reducing segment slopes to decrease the shear stress and transport 

capacity of the runoff; and (4) locating trails on more gentle hillslopes to reduce incision 

and the probability of an outlet rill. 

In contrast to the OHV trails, only 59% of the road segments had an outlet rill or 

sediment plume below the drainage outlet, and only 14% of the road length was 

delivering runoff and sediment to streams.  The percent of road length connected to 

streams varied from 0% at Kelsey and Nighthawk to 67% at Trumbull (Brown, 2008).  

As with the OHV trails, the percent connected was best explained by the amount of road 

length in the valley bottoms (Brown, 2008).  The higher proportion of OHV trails in the 

valley bottoms largely explains the higher connectivity as compared to roads, and this 
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indicates the lack of design standards for OHV trails at the time of their construction 

(USDA, 2005).   

Road density in the study area is 0.6 km km-2, or three times the density of OHV 

trails.  However, the lower density and smaller width of OHV trails is counterbalanced by 

their higher mean sediment production rate and higher connectivity.  If the sediment 

production rates from OHV trails and roads are normalized by the mean annual erosivity, 

the roads are estimated to be delivering 1.1 Mg km-2 of sediment to the stream channel 

network per year, while the OHV trails are delivering an estimated 0.8 Mg km-2 yr-1, or 

about 73% as much sediment as the much more extensive road network. 

The predicted road sediment production rates using WEPP:Road, SEDMODL2, 

and the two empirical models were poorly correlated with the measured values, as the R2 

values ranged from 0.28 to 0.42.  SEDMODL2 had the highest Nash-Sutcliffe efficiency 

(R2
eff) of 0.31, while WEPP:Road had the lowest R2

eff  (-0.54).  The empirical model for 

annual road sediment production was developed from the 2001-2004 data, so it could 

only be tested against the 2005-2006 data.  For these two years its R2
eff was 0.14, and this 

was higher than the corresponding R2
eff values for WEPP:Road (-0.98) and SEDMODL2 

(0.00).  The empirical model for storm-based road sediment production had an R2
eff of 

0.27, but when the predicted values for each storm were summed to yield an annual value 

for each segment, the R2
eff decreased to -0.50.  Each model tended to over-predict the low 

sediment production values and under-predict the high values.   

Three improvements to WEPP:Road were identified by comparing the results of 

sensitivity analyses to the relationships derived from the field data.  First, the predicted 

increases in sediment production with increasing mean annual precipitation are too small.  
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Second, WEPP:Road predicted an increase in sediment production with higher soil rock 

content, while the field data indicate that this relationship should trend in the opposite 

direction.  Lastly, WEPP:Road predicted only a 3% increase in sediment production as 

the result of a categorical change from no traffic to low traffic, but the field data indicate 

that this change should roughly double sediment production. 

 A similar set of analyses for SEDMODL2 identified four ways in which the 

model could be improved.  First, the slope factor should increase linearly with segment 

slope instead of changing exponentially as segment slopes vary from the baseline value 

7.5%.  Second, the range of geology factors should be increased, as the average back-

calculated value for the road segments in this study was 10.1, or twice the maximum 

value of 5.0 specified in the technical documentation (BCC and NCASI, 2003).  Third, 

the measured road sediment production was strongly related to rill density (R2=0.59; 

p<0.0001), so the road surface factor needs to be increased for native surface road 

segments with a high rill density and lowered for segments with no ruts.  Fourth, 

SEDMODL2 should have separate equations for calculating the rainfall factor in areas 

with convective storms versus frontal storms, as road sediment production in the 

monsoon-dominated Colorado Front Range was much more strongly correlated with 

summer erosivity than annual rainfall.   

Both WEPP:Road and SEDMODL2 were very poor predictors of the sediment 

production from OHV trail segments, as indicated by the respective R2
eff values of -0.37 

and -2.01.  The much higher R2 values of 0.80 for WEPP:Road and 0.71 for SEDMODL2 

indicate that the models performed much better in a relative sense and can identify which 

segments are most likely to be generating the most sediment.  A calibration of the traffic 
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factor in SEDMODL2 reduced the initially estimated value for OHV trails from 10.0 to 

4.0, and this one change greatly improved model performance (R2
eff =0.71). 

 The results of this study show that forest roads and OHV trails are chronic sources 

of sediment in the USPR watershed.  If resource managers are to reduce the effects of 

roads and OHV trails on aquatic resources, they will have to identify the segments with 

the highest sediment yields.  Overall, SEDMODL2 was the best predictor of relative and 

absolute sediment production from both roads and OHV trails, but the empirical model 

for predicting annual road sediment production performed best for the 2005-2006 road 

data.  The predictions from either of these two models should be useful to guide 

improvements and identify restoration priorities.  The relatively simple structure of these 

two models also will facilitate modifications and calibration as data become available. 

Predictions of sediment delivery are even more important for improving water quality 

and stream habitat, so future studies should evaluate predicted sediment delivery as well 

as predicted sediment production. 
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Appendix I.  Input and output data for WEPP:Road and SEDMODL2 by road 
segment or study site and year. 
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Appendix I.A.  Monthly rainfall and number of wet days that were used to generate 
the stochastic climate file in WEPP:Road by year and study site.  Data for 
November to April are the default values for the Cheesman weather station 
in the WEPP database and data for May to October are from the tipping-
bucket gauges. 

 
2001 Spring Creek Trumbull Upper Saloon Gulch 

Month 
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 0 0 0 0 0 0 
February 0 0 0 0 0 0 
March 0 0 0 0 0 0 
April 0 0 0 0 0 0 
May 0 0 0 0 0 0 
June 0 0 0 0 0 0 
July        66.6*    13.1*        66.6*     13.1*        66.6*     13.1* 
August        76.5    11.0        38.4     15.0        38.6     11.0 
September        31.2    10.0        24.6       8.0        18.0       6.0 
October          0.2      1.0          0.4       1.0          0.3       1.0 
November        20.1      4.6        20.1       4.6        20.1       4.6 
December        15.2      4.0        15.2       4.0        15.2       4.0 
* Historic data were used for July because the rain gauges weren't installed until 1   
August. 
 
 
 
 

2002 Spring Creek Trumbull Upper Saloon Gulch 

Month 
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 10.7 4.2 10.7 4.2 10.7 4.2
February 15.8 4.4 15.8 4.4 15.8 4.4
March 31.0 6.8 31.0 6.8 31.0 6.8
April 38.6 6.9 38.6 6.9 38.6 6.9
May 30.7 8.0 19.1 8.0 30.0 7.0
June 16.0 7.0 10.2 7.0 21.1 7.0
July 22.9 5.0 17.5 6.0 34.8 8.0
August 25.4 11.0 18.5 10.0 26.7 11.0
September 37.1 8.0 25.1 8.0 34.3 8.0
October 25.4 9.0 24.9 10.0 27.9 9.0
November 20.1 4.6 20.1 4.6 20.1 4.6
December 15.2 4.0 15.2 4.0 15.2 4.0
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2003 Spring Creek Trumbull Upper Saloon Gulch Kelsey Nighthawk 

Month 
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 10.7 4.2 10.7 4.2 10.7 4.2 0.0 0.0 0.0 0.0 
February 15.8 4.4 15.8 4.4 15.8 4.4 0.0 0.0 0.0 0.0 
March 31.0 6.8 31.0 6.8 31.0 6.8 0.0 0.0 0.0 0.0 
April 38.6 6.9 38.6 6.9 38.6 6.9 0.0 0.0 0.0 0.0 
May 31.0 9.0         7.6 3.0 11.2 6.0 0.0 0.0 0.0 0.0 
June 49.0   14.0 35.3   14.0 51.8   15.0 0.0 0.0 0.0 0.0 
July 22.4 7.0 11.4 6.0 12.4 3.0      17.6 6.0      17.4 5.0 
August 55.4   14.0 52.1   16.0 68.8   18.0      66.0   13.0      40.6   11.0 
September         9.9*     8.0*         9.9*     8.0*         9.9 8.0      14.0 6.0 6.4 2.0 
October         1.3*     3.0*         1.3*     3.0*         1.3 3.0        1.3*     3.0* 0.2 1.0 
November 20.1 4.6 20.1 4.6 20.1 4.6      20.1 4.6      20.1 4.6 
December 15.2 4.0 15.2 4.0 15.2 4.0      15.2 4.0      15.2 4.0 
* Upper Saloon Gulch data were used for September at Spring Creek and Trumbull, and for October at Spring Creek, Trumbull, and Kelsey.  
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2004 Spring Creek Trumbull Upper Saloon Gulch Kelsey Nighthawk 

Month 
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2
February 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4
March 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8
April 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9
May 26.9 8.0 20.1 6.0 27.7 5.0 30.0 6.0 25.8 8.0
June 91.4 18.0 62.5 20.0 93.5 20.0 88.1 18.0 81.4 21.0
July 73.7 15.0 38.6 13.0 69.9 17.0 77.7 16.0 71.0 17.0
August 42.7 13.0 31.8 13.0 50.0 14.0 43.4 12.0 53.2 16.0
September 36.1 11.0 20.8 6.0 59.4 13.0 41.9 11.0 26.4 10.0
October 29.2 8.0 22.4 7.0 49.0 12.0 26.9 10.0 23.4 6.0
November 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6
December 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0
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2005 Spring Creek Trumbull Upper Saloon Gulch Kelsey Nighthawk 

Month 
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2
February 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4
March 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8
April 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9
May 21.1 6.0 22.9 8.0 11.0 5.0 21.6 5.0 15.0 7.0
June 40.4 13.0 43.9 11.0 23.8 11.0 46.5 13.0 56.4 12.0
July 29.8 6.0 10.7 8.0 19.6 10.0 30.5 9.0 12.6 10.0
August 69.6 13.0 55.4 16.0 56.0 18.0 57.9 15.0 56.4 18.0
September 18.5 5.0 24.4 6.0 23.4 5.0 30.7 9.0 25.2 10.0
October 19.1 7.0 27.7 7.0 22.0 11.0 21.8 5.0 38.1 6.0
November 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6
December 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0
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2006 Spring Creek #1 Spring Creek #2 Spring Creek #3 Spring Creek #4 Spring Creek #5 

  
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2 
February 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4 
March 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8 
April 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9 
May       15.5*     9.0*       15.5*     9.0*       15.5*     9.0*       15.5*    9.0*       15.5*    9.0* 
June         3.0 5.0         2.8 3.0         3.0 5.0         4.1 5.0 13.4 6.0 
July 69.4   17.0 66.3   16.0 62.7   15.0 58.7   14.0 74.6   16.0 
August 79.4   25.0 89.9   23.0 91.7   21.0 80.8   20.0 84.4   22.0 
September 35.0   12.0 38.1   10.0 37.3   11.0 34.0   12.0 37.8   12.0 
October 42.8   12.0 44.2   11.0 41.1   11.0 38.9   10.0 39.6   16.0 
November 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6 
December 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0 
* Data are from Spring Creek #4.  Spring Creek #4 is the gauge used from 2001 to 2005. 
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2006 Trumbull Upper Saloon Gulch Kelsey Nighthawk 

Month 
Precipitation 

(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

Precipitation 
(mm) 

Number 
of wet 
days 

January 10.7 4.2 10.7 4.2 10.7 4.2 10.7 4.2
February 15.8 4.4 15.8 4.4 15.8 4.4 15.8 4.4
March 31.0 6.8 31.0 6.8 31.0 6.8 31.0 6.8
April 38.6 6.9 38.6 6.9 38.6 6.9 38.6 6.9
May 9.9 8.0 15.8 5.0 16.5 8.0 21.8 10.0
June 9.9 6.0 3.0 2.0 4.6 5.0 14.2 8.0
July 81.5 15.0 78.6 18.0 70.4 14.0 68.0 15.0
August 78.0 19.0 99.0 16.0 97.0 21.0 86.6 22.0
September 31.2 9.0 26.2 5.0 42.4 11.0 48.0 15.0
October 44.5 14.0 35.0 8.0 44.2 11.0 65.4 13.0
November 20.1 4.6 20.1 4.6 20.1 4.6 20.1 4.6
December 15.2 4.0 15.2 4.0 15.2 4.0 15.2 4.0
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Appendix I.B.  Input and output data for each road segment used for testing 
WEPP:Road.  Under study site SC is Spring Creek, K is Kelsey, NH is 
Nighthawk, TR is Trumbull, and USG is Upper Saloon Gulch.  Under road 
design OR is outsloped, rutted; IB is insloped, bare; and OU is outsloped, 
unrutted. 

 

Year 
Study 
site Segment 

Road 
design

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Soil 
rock 

content 
(%) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2006 SC 3/15 OR 69.5 3.55 8 24.1 53 851
2006 SC 3/14 IB 69.5 3.68 12 30.1 102 1363
2006 SC 3/11 OU 27.0 3.16 6 40.5 13 4
2006 SC 3/10 OR 26.3 3.54 5 37.3 12 227
2006 SC 3/9 OR 124.0 3.28 6 33.4 102 584
2006 SC 3/8 OR 101.0 3.85 10 36.0 160 809
2006 SC 3/7 OR 63.5 3.69 11 29.8 72 601
2006 SC 3/6 OR 52.8 3.27 7 31.3 30 137
2006 SC 3/5 OR 56.7 2.85 9 43.2 48 120
2006 SC 3/4 OR 47.5 3.33 9 39.2 38 123
2006 SC 3/2 OR 52.0 4.38 11 43.4 98 451
2006 K 1 OR 81.1 2.58 4 32.2 26 265
2006 K 2 OR 138.5 2.61 5 32.4 74 375
2006 NH 1 OR 125.5 3.52 15 45.8 476 1774
2006 NH 2 OR 83.0 3.51 16 47.4 272 1052
2006 TR E1 OR 39.5 2.77 16 38.7 48 769
2006 TR E2 OR 34.0 2.64 5 37.0 12 167
2006 TR E3 OR 40.0 2.73 19 31.3 50 957
2006 TR E4 OR 81.0 2.80 14 35.4 127 1314
2006 TR 8 OR 36.5 2.86 16 33.4 41 679
2006 USG 1 IB 39.5 2.70 9 47.3 31 29
2005 SC 3/15 OR 70.5 3.16 8 24.1 47 1450
2005 SC 3/14 IB 69.7 4.01 12 30.1 95 3600
2005 SC 3/11 OU 26.0 3.19 6 40.5 9 32
2005 SC 3/10 OR 26.3 3.54 5 37.3 9 441
2005 SC 3/9 OR 126.5 3.00 6 33.4 93 1540
2005 SC 3/8 OR 109.3 3.88 10 36.0 183 2600
2005 SC 3/7 OR 67.0 3.67 11 29.8 75 1450
2005 SC 3/6 OR 52.8 3.29 7 31.3 28 660
2005 SC 3/5 OR 54.0 3.24 9 43.2 49 1040
2005 SC 3/4 OR 47.3 3.02 9 39.2 33 1310
2005 SC 3/2 OR 49.0 3.84 11 43.4 61 3160
2005 K 1 OR 83.0 2.58 4 32.2 23 460
2005 K 2 OR 139.0 2.65 5 32.4 65 334
2005 NH 1 OR 131.0 3.32 15 45.8 352 954
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Year 
Study 
site Segment 

Road 
design

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Soil 
rock 

content 
(%) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2005 NH 2 OR 83.0 3.53 16 47.4 200 522
2005 TR E1 OR 38.0 2.76 16 38.7 32 805
2005 TR E2 OR 39.0 2.54 5 37.0 10 501
2005 TR E3 OR 41.0 2.59 19 31.3 35 1130
2005 TR E4 OR 80.0 2.71 14 35.4 88 1350
2005 TR 8 OR 36.0 2.89 16 33.4 28 1480
2005 USG 1 IB 43.0 3.21 9 47.3 37 16
2004 SC 3/15 OR 72.7 4.05 8 24.1 94 3780
2004 SC 3/14 IB 71.7 4.19 10 30.1 119 1313
2004 SC 3/13 OR 38.3 2.56 4 45.7 16 178
2004 SC 3/10 OR 24.9 3.81 6 37.3 14 576
2004 SC 3/11 OU 25.7 3.00 6 40.5 16 110
2004 SC 3/9 OR 121.0 4.01 6 33.4 169 3146
2004 SC 3/8 OR 105.0 4.15 10 36.0 248 4304
2004 SC 3/7 OR 60.4 4.04 9 29.8 83 2402
2004 SC 3/6 OR 50.1 3.65 6 31.3 39 2488
2004 SC 3/5 OR 55.8 4.18 9 43.2 97 1042
2004 SC 3/4 OR 65.5 4.51 8 39.2 110 2714
2004 SC 3/2 OR 47.9 4.65 10 43.4 95 565
2004 K 1 OR 100.5 2.76 6 32.2 73 792
2004 K 2 OR 149.0 2.27 5 32.4 87 275
2004 NH 1 OR 123.0 3.51 15 45.8 400 3630
2004 NH 2 OR 89.0 3.20 17 47.4 259 2964
2004 TR E2 OR 34.5 2.27 4 37.0 7 35
2004 TR E3 OR 38.0 3.00 12 31.3 26 426
2004 TR 8 OR 33.9 3.03 16 33.4 30 769
2004 TR E1 OR 58.0 3.02 17 38.7 80 605
2003 SC 3/15 OR 72.7 4.05 8 24.1 60 1046
2003 SC 3/14 IB 71.7 4.19 10 30.1 76 1093
2003 SC 3/13 OR 38.3 2.56 4 45.7 10 245
2003 SC 3/10 OR 24.9 3.81 6 37.3 11 96
2003 SC 3/11 OU 25.7 3.00 6 40.5 9 25
2003 SC 3/9 OR 121.0 4.01 6 33.4 106 1018
2003 SC 3/8 OR 105.0 4.15 10 36.0 163 847
2003 SC 3/7 OR 60.4 4.04 9 29.8 55 1330
2003 SC 3/6 OR 50.1 3.65 6 31.3 26 259
2003 SC 3/5 OR 55.8 4.18 9 43.2 64 250
2003 SC 3/4 OR 65.5 4.51 8 39.2 72 771
2003 SC 3/2 OR 47.9 4.65 10 43.4 62 375
2003 TR E1 OR 58.0 3.02 17 38.7 61 165
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Year 
Study 
site Segment 

Road 
design

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Soil 
rock 

content 
(%) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2003 TR E2 OR 34.5 2.27 4 37.0 5 45
2003 TR E3 OR 38.0 3.00 12 31.3 20 136
2003 TR 8 OR 33.9 3.03 16 33.4 23 399
2003 USG 7 IB 73.5 4.64 8 47.3 101 2098
2003 K 1 OR 100.5 2.76 4 32.2 27 168
2003 K 2 OR 149.0 2.27 5 32.4 48 129
2003 NH 1 OR 123.0 3.51 15 45.8 101 1063
2003 NH 2 OR 89.0 3.20 17 47.4 66 529
2003 USG 11 OR 180.0 2.07 10 36.0 179 1694
2002 SC 3/15 OR 74.0 3.00 8 21.0 28 3
2002 SC 3/14 IB 74.0 2.40 10 31.0 31 101
2002 SC 3/13 OR 22.0 2.85 4 46.0 4 12
2002 SC 3/11 OU 22.1 3.10 6 51.0 6 14
2002 SC 3/10 OR 25.1 3.00 6 47.0 6 100
2002 SC 3/9 OR 118.9 2.50 6 31.0 39 251
2002 SC 3/8 OR 104.9 3.70 10 28.0 82 107
2002 SC 3/7 OR 58.8 2.60 9 35.0 24 82
2002 SC 3/6 OR 49.7 2.20 6 38.0 11 6
2002 SC 3/5 OR 54.0 2.70 9 41.0 24 23
2002 SC 3/4 OR 85.0 2.30 8 42.0 39 51
2002 SC 3/2 OR 46.6 3.00 10 44.0 25 12
2002 TR TR9 OR 37.2 2.40 16 46.7 32 89
2002 TR TR8 OR 47.8 2.10 15 46.3 44 25
2002 USG 11 OR 57.2 3.90 10 36.0 48 602
2002 USG 7 IB 219.0 2.20 8 47.3 229 481
2001 SC 3/11 OU 22.1 3.10 6 51.0 5 0
2001 SC 3/10 OR 25.1 3.00 6 47.0 6 0
2001 SC 3/9 OR 118.9 2.50 6 31.0 32 565
2001 SC 3/8 OR 104.9 3.70 10 28.0 63 1203
2001 SC 3/7 OR 58.8 2.60 9 35.0 19 581
2001 SC 3/6 OR 49.7 2.20 6 38.0 9 98
2001 SC 3/5 OR 54.0 2.70 9 41.0 20 175
2001 SC 3/4 OR 85.0 2.30 8 42.0 31 782
2001 SC 3/2 OR 46.6 3.00 10 44.0 21 755
2001 USG 11 OR 57.2 3.90 10 36.0 33 647
2001 USG 7 IB 219.0 2.20 8 47.3 134 48
2001 TR 9 OR 37.2 2.40 16 46.7 22 0
2001 TR 8 OR 47.8 2.10 15 46.3 27 452
2001 TR 7 OR 210.8 2.50 18 51.7 476 1476
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Appendix I.C.  Input and output data for each road segment used for testing 
SEDMODL2.  See Appendix IB for the definition of study site names.   

 

Year 
Study 
site Seg. 

Road 
surface Traffic 

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Summer 
precipitation 

(mm) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2006 SC 3/15 2 2 69.5 3.55 8 256.8 647 851 
2006 SC 3/14 2 2 69.5 3.68 12 265.3 1587 1363 
2006 SC 3/11 1 2 27.0 3.16 6 245.1 59 4 
2006 SC 3/10 2 2 26.3 3.54 5 245.1 89 227 
2006 SC 3/9 2 2 124.0 3.28 6 251.3 582 584 
2006 SC 3/8 2 2 101.0 3.85 10 251.3 1542 809 
2006 SC 3/7 2 2 63.5 3.69 11 251.3 1125 601 
2006 SC 3/6 2 2 52.8 3.27 7 251.3 336 137 
2006 SC 3/5 2 2 56.7 2.85 9 232.0 461 120 
2006 SC 3/4 2 2 47.5 3.33 9 232.0 451 123 
2006 SC 3/2 2 2 52.0 4.38 11 265.3 1186 451 
2006 K 1 2 1 81.1 2.58 4 275.1 76 265 
2006 K 2 2 1 138.5 2.61 5 275.1 205 375 
2006 NH 1 2 1 125.5 3.52 15 304.0 2621 1774 
2006 NH 2 2 1 83.0 3.51 16 304.0 1970 1052 
2006 TR E1 2 1 39.5 2.77 16 255.0 568 769 
2006 TR E2 2 1 34.0 2.64 5 255.0 46 167 
2006 TR E3 2 1 40.0 2.73 19 255.0 799 957 
2006 TR E4 2 1 81.0 2.80 14 255.0 902 1314 
2006 TR 8 2 1 36.5 2.86 16 255.0 542 679 
2006 USG 1 2 1 39.5 2.70 9 257.6 178 29 
2005 SC 3/15 2 2 70.5 3.16 8 198.5 398 1450 
2005 SC 3/14 2 2 69.7 4.01 12 198.5 1120 3600 
2005 SC 3/11 1 2 26.0 3.19 6 198.5 42 32 
2005 SC 3/10 2 2 26.3 3.54 5 198.5 65 441 
2005 SC 3/9 2 2 126.5 3.00 6 198.5 381 1540 
2005 SC 3/8 2 2 109.3 3.88 10 198.5 1182 2600 
2005 SC 3/7 2 2 67.0 3.67 11 198.5 829 1450 
2005 SC 3/6 2 2 52.8 3.29 7 198.5 237 660 
2005 SC 3/5 2 2 54.0 3.24 9 198.5 395 1040 
2005 SC 3/4 2 2 47.3 3.02 9 198.5 322 1310 
2005 SC 3/2 2 2 49.0 3.84 11 198.5 634 3160 
2005 K 1 2 1 83.0 2.58 4 209.0 52 460 
2005 K 2 2 1 139.0 2.65 5 209.0 139 334 
2005 NH 1 2 1 131.0 3.32 15 203.7 1418 954 
2005 NH 2 2 1 83.0 3.53 16 203.7 1086 522 
2005 TR E1 2 1 38.0 2.76 16 185.0 336 805 
2005 TR E2 2 1 39.0 2.54 5 185.0 31 501 
2005 TR E3 2 1 41.0 2.59 19 185.0 480 1130 
2005 TR E4 2 1 80.0 2.71 14 185.0 532 1350 
2005 TR 8 2 1 36.0 2.89 16 185.0 334 1480 
2005 USG 1 2 1 43.0 3.21 9 155.8 108 16 
2004 SC 3/15 2 2 72.7 4.05 8 300.0 975 3780 
2004 SC 3/14 2 2 71.7 4.19 10 300.0 1554 1313 
2004 SC 3/13 2 2 38.3 2.56 4 300.0 81 178 
2004 SC 3/10 2 2 24.9 3.81 6 300.0 177 576 
2004 SC 3/11 1 2 25.7 3.00 6 300.0 72 110 
2004 SC 3/9 2 2 121.0 4.01 6 300.0 904 3146 
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Year 
Study 
site Seg. 

Road 
surface Traffic 

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Summer 
precipitation 

(mm) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2004 SC 3/8 2 2 105.0 4.15 10 300.0 2255 4304 
2004 SC 3/7 2 2 60.4 4.04 9 300.0 1023 2402 
2004 SC 3/6 2 2 50.1 3.65 6 300.0 341 2488 
2004 SC 3/5 2 2 55.8 4.18 9 300.0 977 1042 
2004 SC 3/4 2 2 65.5 4.51 8 300.0 979 2714 
2004 SC 3/2 2 2 47.9 4.65 10 300.0 1154 565 
2004 K 1 2 1 100.5 2.76 6 308.0 269 792 
2004 K 2 2 1 149.0 2.27 5 308.0 228 275 
2004 NH 1 2 1 123.0 3.51 15 281.2 2282 3630 
2004 NH 2 2 1 89.0 3.20 17 281.2 1933 2964 
2004 TR E2 2 1 34.5 2.27 4 196.2 17 35 
2004 TR E3 2 1 38.0 3.00 12 196.2 225 426 
2004 TR 8 2 1 33.9 3.03 16 196.2 360 769 
2004 TR E1 2 1 58.0 3.02 17 196.2 693 605 
2003 SC 3/15 2 2 72.7 4.05 8 213.4 585 1046 
2003 SC 3/14 2 2 71.7 4.19 10 213.4 933 1093 
2003 SC 3/13 2 2 38.3 2.56 4 213.4 49 245 
2003 SC 3/10 2 2 24.9 3.81 6 213.4 106 96 
2003 SC 3/11 1 2 25.7 3.00 6 213.4 43 25 
2003 SC 3/9 2 2 121.0 4.01 6 213.4 542 1018 
2003 SC 3/8 2 2 105.0 4.15 10 213.4 1353 847 
2003 SC 3/7 2 2 60.4 4.04 9 213.4 614 1330 
2003 SC 3/6 2 2 50.1 3.65 6 213.4 204 259 
2003 SC 3/5 2 2 55.8 4.18 9 213.4 586 250 
2003 SC 3/4 2 2 65.5 4.51 8 213.4 587 771 
2003 SC 3/2 2 2 47.9 4.65 10 213.4 692 375 
2003 TR E1 2 1 58.0 3.02 17 164.3 531 165 
2003 TR E2 2 1 34.5 2.27 4 164.3 13 45 
2003 TR E3 2 1 38.0 3.00 12 164.3 172 136 
2003 TR 8 2 1 33.9 3.03 16 164.3 276 399 
2003 USG 7 2 1 73.5 4.64 8 155.4 211 2098 
2003 K 1 2 1 100.5 2.76 4 125.5 31 168 
2003 K 2 2 1 149.0 2.27 5 125.5 59 129 
2003 NH 1 2 1 123.0 3.51 15 64.6 251 1063 
2003 NH 2 2 1 89.0 3.20 17 64.6 213 529 
2003 USG 11 2 1 180.0 2.07 10 155.4 360 1694 
2002 SC 3/15 2 2 74.0 3.00 8 157.5 280 3 
2002 SC 3/14 2 2 74.0 2.40 10 157.5 350 101 
2002 SC 3/13 2 2 22.0 2.85 4 157.5 20 12 
2002 SC 3/11 1 2 22.1 3.10 6 157.5 24 14 
2002 SC 3/10 2 2 25.1 3.00 6 157.5 53 100 
2002 SC 3/9 2 2 118.9 2.50 6 157.5 211 251 
2002 SC 3/8 2 2 104.9 3.70 10 157.5 764 107 
2002 SC 3/7 2 2 58.8 2.60 9 157.5 244 82 
2002 SC 3/6 2 2 49.7 2.20 6 157.5 78 6 
2002 SC 3/5 2 2 54.0 2.70 9 157.5 233 23 
2002 SC 3/4 2 2 85.0 2.30 8 157.5 246 51 
2002 SC 3/2 2 2 46.6 3.00 10 157.5 275 12 
2002 TR TR9 2 1 37.2 2.40 16 115.3 141 89 
2002 TR TR8 2 1 47.8 2.10 15 115.3 139 25 
2002 USG 11 2 1 57.2 3.90 10 174.8 257 602 
2002 USG 7 2 1 219.0 2.20 8 174.8 355 481 
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Year 
Study 
site Seg. 

Road 
surface Traffic 

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Summer 
precipitation 

(mm) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2001 SC 3/11 1 2 22.1 3.10 6 174.5 28 0 
2001 SC 3/10 2 2 25.1 3.00 6 174.5 62 0 
2001 SC 3/9 2 2 118.9 2.50 6 174.5 246 565 
2001 SC 3/8 2 2 104.9 3.70 10 174.5 891 1203 
2001 SC 3/7 2 2 58.8 2.60 9 174.5 284 581 
2001 SC 3/6 2 2 49.7 2.20 6 174.5 90 98 
2001 SC 3/5 2 2 54.0 2.70 9 174.5 271 175 
2001 SC 3/4 2 2 85.0 2.30 8 174.5 287 782 
2001 SC 3/2 2 2 46.6 3.00 10 174.5 321 755 
2001 USG 11 2 1 57.2 3.90 10 123.4 152 647 
2001 USG 7 2 1 219.0 2.20 8 123.4 211 48 
2001 TR 9 2 1 37.2 2.40 16 130.0 169 0 
2001 TR 8 2 1 47.8 2.10 15 130.0 167 452 
2001 TR 7 2 1 210.8 2.50 18 130.0 1261 1476 
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Appendix II.  Input and output data for WEPP:Road and SEDMODL2 by OHV 
trail segment or study site and year. 
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Appendix II.A.  Monthly rainfall and number of wet days that were used to generate the stochastic climate file in WEPP:Road 

by year and study site.  Data for November to April are the default values for the Cheesman weather station in the 
WEPP database and data for May to October are from the tipping-bucket gauges.  Zero values are for the periods 
prior to installation of the sediment fences or after the study had finished. 

 
Year 2005 2006 

Month 

Log Jumper Log Jumper Noddle 
Precipitation 

(mm) 
Number of 
wet days 

Precipitation 
(mm) 

Number of 
wet days 

Precipitation 
(mm) 

Number of 
wet days 

January 0.0 0.0 10.7       4.2        0.0        0.0 
February 0.0 0.0 15.8       4.4        0.0        0.0 
March 0.0 0.0 31.0       6.8        0.0        0.0 
April 0.0 0.0 38.6       6.9        0.0        0.0 
May 0.0 0.0 18.8       4.0      23.8      12.0 
June 0.0 0.0         7.9       7.0        3.4        4.0 
July 0.0 0.0 73.7     15.0    103.8      14.0 
August      65.0      17.0 72.4     17.0    115.8      21.0 
September      23.4        9.0 41.1     14.0      31.8      13.0 
October      35.2      14.0 42.7     12.0      51.0      16.0 
November      20.1        4.6         0.0       0.0        0.0        0.0 
December      15.2        4.0         0.0       0.0        0.0        0.0 
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Appendix II.B.  Input and output data for each OHV trail segment used for testing 
WEPP:Road.  NDL is the Noddle study site and LJ is Log Jumper.  Under 
road design OR is outsloped, rutted. 

 

Year 
Study 
site Seg. 

Road 
design

Length 
(m) 

Active 
width  
(m) 

Slope 
(%) 

Soil rock 
content 

(%) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2006 NDL 1 OR 39 2.59 5 45.2 45 35
2006 NDL 2 OR 7 2.84 18 33.1 10 214
2006 NDL 3 OR 50 2.18 14 42.0 158 1578
2006 NDL 4 OR 42 1.82 9 40.5 59 416
2006 NDL 5 OR 46 1.81 11 44.0 98 174
2006 LJ 1 OR 76 1.61 17 42.5 341 6745
2006 LJ 2 OR 47 1.96 14 38.3 141 1917
2006 LJ 3 OR 37 1.90 9 36.5 57 1108
2006 LJ 4 OR 50 1.95 20 45.3 265 2443
2006 LJ 5 OR 56 2.01 15 49.2 307 4253
2005 LJ 1 OR 76 1.61 17 42.5 143 707
2005 LJ 2 OR 47 1.96 14 38.3 60 265
2005 LJ 3 OR 37 1.90 9 36.5 25 201
2005 LJ 4 OR 50 1.95 20 45.3 109 58
2005 LJ 5 OR 56 2.01 15 49.2 121 508
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Appendix II.C.  Input and output data for each OHV trail segment used for testing 

SEDMODL2.  See Appendix IIB for the definition of study site names.   
 

Year 
Study 
site Seg. 

Road 
surface Traffic 

Length 
(m) 

Active 
width 
(m) 

Slope 
(%) 

Summer 
precipitation 

(mm) 

Predicted 
sediment 
(kg yr-1) 

Measured 
sediment 
(kg yr-1) 

2006 NDL 1 2 10 39 2.59 5 256.6 510 35
2006 NDL 2 2 10 7 2.84 18 256.6 1322 214
2006 NDL 3 2 10 50 2.18 14 256.6 4342 1578
2006 NDL 4 2 10 42 1.82 9 256.6 1259 416
2006 NDL 5 2 10 46 1.81 11 256.6 2066 174
2006 LJ 1 2 10 76 1.61 17 329.6 10632 6745
2006 LJ 2 2 10 47 1.96 14 329.6 5425 1917
2006 LJ 3 2 10 37 1.90 9 329.6 1738 1108
2006 LJ 4 2 10 50 1.95 20 329.6 11668 2443
2006 LJ 5 2 10 56 2.01 15 329.6 7597 4253
2005 LJ 1 2 10 76 1.61 17 123.6 2438 707 
2005 LJ 2 2 10 47 1.96 14 123.6 1244 265 
2005 LJ 3 2 10 37 1.90 9 123.6 397 201 
2005 LJ 4 2 10 50 1.95 20 123.6 2677 58 
2005 LJ 5 2 10 56 2.01 15 123.6 1742 508 
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Appendix III. Storm depth, maximum 30-minute intensity, and erosivity for each 
storm from 1 May to 31 October by rain gauge for 2005 and 2006. 
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Spring Creek #4 (long-term gauge), 2005: RF output for all  
storms between 1 May and 31 October. 

 

Date 
Start 
time 

Storm depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity          
(MJ mm ha-1 h-1) 

01-May 10:05 2.54 3.56 1.05 
02-May 09:20 1.02 1.52 0.17 
11-May 07:15 3.05 6.10 3.18 
29-May 20:25 2.29 4.57 1.75 
29-May 18:40 4.32 3.56 1.87 
30-May 16:50 2.79 5.59 2.74 
30-May 18:20 3.30 5.08 2.12 
02-Jun 14:55 2.03 2.03 0.53 
03-Jun 15:40 6.35 11.18 14.45 
03-Jun 12:50 1.78 2.03 0.45 
10-Jun 12:20 5.84 10.16 9.86 
10-Jun 00:30 1.27 1.52 0.21 
11-Jun 22:20 4.83 6.60 4.32 
12-Jun 03:05 1.52 1.52 0.26 
20-Jun 20:35 2.79 2.54 0.88 
23-Jun 18:50 1.52 1.52 0.26 
24-Jun 13:55 3.56 7.11 4.63 
24-Jun 21:30 4.06 6.60 3.82 
14-Jul 22:20 4.57 8.64 6.63 
15-Jul 14:05 1.02 2.03 0.25 
24-Jul 16:40 13.21 20.83 58.69 
25-Jul 19:25 9.91 10.67 15.70 
04-Aug 11:50 21.34 7.62 20.00 
04-Aug 18:00 2.79 2.54 0.79 
04-Aug 02:05 2.29 1.52 0.39 
05-Aug 00:40 1.52 2.54 0.43 
09-Aug 17:30 10.67 20.83 50.34 
10-Aug 15:20 3.56 4.06 2.44 
13-Aug 17:15 1.78 3.56 0.96 
16-Aug 15:35 17.27 33.02 144.53 
20-Aug 18:05 1.78 2.03 0.40 
23-Aug 15:15 3.05 3.05 1.19 
06-Sep 18:10 2.29 2.54 0.64 
06-Sep 08:25 1.02 2.03 0.23 
22-Sep 14:45 5.08 6.60 5.17 
22-Sep 17:25 1.02 2.03 0.23 
28-Sep 05:15 5.08 8.64 6.86 
04-Oct 18:50 1.02 1.52 0.17 
09-Oct 15:20 5.33 2.54 1.50 
11-Oct 11:55 8.89 8.64 11.34 
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Spring Creek #1, 2006: RF output for all storms between 1 June and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

02-Jul 16:05 1.80 3.60 1.07 
03-Jul 17:00 1.40 1.20 0.18 
04-Jul 15:15 3.40 6.80 4.25 
04-Jul 21:05 5.00 6.00 4.04 
05-Jul 17:35 2.20 2.40 0.57 
06-Jul 16:00 5.40 7.60 6.69 
08-Jul 11:35 4.60 4.80 2.67 
08-Jul 22:05 5.20 3.60 2.05 
09-Jul 12:35 2.40 3.20 0.86 
09-Jul 15:45 2.80 3.20 0.99 
10-Jul 17:55 3.20 6.40 3.56 
15-Jul 17:10 2.20 3.20 0.82 
17-Jul 19:05 2.20 2.40 0.55 
20-Jul 14:30 7.80 7.60 10.45 
20-Jul 18:05 4.40 3.60 1.78 
25-Jul 21:55 4.60 3.60 1.92 
25-Jul 14:15 1.20 1.60 0.20 
26-Jul 18:20 1.60 2.40 0.44 
01-Aug 22:00 1.40 2.40 0.59 
03-Aug 17:55 5.80 6.80 5.62 
03-Aug 00:30 2.00 2.00 0.44 
05-Aug 23:15 7.20 5.60 4.77 
05-Aug 19:50 5.60 3.60 2.20 
06-Aug 18:50 8.80 8.00 10.14 
07-Aug 13:50 4.20 8.40 5.93 
11-Aug 15:05 5.00 9.60 10.54 
12-Aug 18:40 2.60 3.20 0.93 
13-Aug 20:25 1.20 1.60 0.20 
15-Aug 14:35 1.20 2.40 0.34 
19-Aug 19:00 3.40 2.40 0.90 
21-Aug 15:35 1.60 2.80 0.56 
24-Aug 19:00 3.60 6.40 3.83 
25-Aug 14:25 3.00 4.00 1.48 
25-Aug 19:40 1.20 2.40 0.36 
26-Aug 14:30 7.00 11.20 14.50 
26-Aug 07:20 3.40 4.00 1.59 
26-Aug 23:10 1.60 2.40 0.48 
31-Aug 14:50 2.40 3.60 1.02 
01-Sep 15:25 1.20 2.00 0.29 
08-Sep 15:40 5.60 4.80 3.21 
08-Sep 09:55 4.60 3.20 1.68 
11-Sep 18:25 3.20 6.40 3.69 
11-Sep 12:50 1.20 2.00 0.30 
21-Sep 00:00 12.40 3.20 4.24 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

22-Sep 14:55 2.00 1.20 0.25 
03-Oct 17:10 4.80 4.80 2.73 
08-Oct 12:40 2.40 0.80 0.20 
09-Oct 12:40 2.80 1.20 0.35 
10-Oct 10:05 1.40 2.00 0.34 
15-Oct 18:45 1.40 2.00 0.31 
18-Oct 13:10 11.60 5.20 7.14 
19-Oct 10:30 1.80 1.20 0.23 
21-Oct 11:15 2.60 2.40 0.67 
27-Oct 12:55 11.40 4.80 6.41 
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Spring Creek #2, 2006: RF output for all storms between 1 June and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

25-Jun 19:45 1.02 1.02 0.11 
28-Jun 11:15 1.02 2.03 0.25 
02-Jul 16:05 2.29 4.57 1.99 
04-Jul 21:35 5.84 5.08 3.68 
05-Jul 17:35 3.30 4.06 1.64 
06-Jul 16:15 4.57 6.10 3.88 
08-Jul 11:30 6.10 7.11 5.93 
08-Jul 22:05 5.59 5.59 3.95 
09-Jul 16:00 2.29 2.54 0.64 
09-Jul 00:50 1.27 1.52 0.21 
10-Jul 17:55 1.27 2.54 0.53 
15-Jul 16:35 3.30 4.57 1.89 
17-Jul 18:55 1.78 1.52 0.30 
20-Jul 12:50 8.13 6.60 8.17 
20-Jul 18:05 4.57 3.56 1.94 
25-Jul 22:35 5.84 4.57 3.25 
25-Jul 14:15 1.02 2.03 0.25 
26-Jul 18:25 2.03 2.54 0.64 
01-Aug 22:15 3.56 7.11 5.19 
02-Aug 12:50 1.02 1.02 0.11 
03-Aug 17:45 7.11 8.13 8.59 
03-Aug 00:10 3.81 4.57 2.11 
05-Aug 23:15 16.51 8.13 17.26 
06-Aug 19:05 10.16 10.67 16.67 
07-Aug 14:00 1.27 2.54 0.39 
11-Aug 15:10 5.08 10.16 12.17 
12-Aug 18:50 4.57 6.60 4.28 
15-Aug 14:30 1.52 3.05 0.83 
19-Aug 19:00 4.06 3.05 1.45 
21-Aug 15:25 1.27 2.03 0.36 
24-Aug 19:00 3.05 4.06 1.57 
25-Aug 19:45 3.30 6.60 4.00 
25-Aug 14:15 3.56 4.57 2.16 
26-Aug 14:35 5.84 8.64 8.66 
26-Aug 07:30 3.81 4.57 2.21 
26-Aug 23:10 1.02 1.52 0.19 
31-Aug 14:55 4.83 9.65 8.34 
01-Sep 15:25 1.02 1.52 0.17 
08-Sep 15:45 6.60 6.10 5.09 
08-Sep 09:25 5.08 4.57 2.75 
11-Sep 18:35 2.79 5.59 2.74 
20-Sep 23:55 17.53 4.06 8.10 
22-Sep 15:55 1.02 1.02 0.11 
03-Oct 17:15 6.86 7.11 6.55 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

08-Oct 14:30 2.03 1.02 0.23 
09-Oct 11:30 3.30 1.52 0.56 
15-Oct 18:40 1.02 1.52 0.17 
18-Oct 14:40 12.70 11.68 23.44 
21-Oct 11:05 3.05 4.57 1.72 
27-Oct 13:10 11.43 13.21 25.48 
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Spring Creek #3, 2006: RF output for all storms between 1 June and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

02-Jul 16:15 1.27 2.54 0.45 
04-Jul 21:25 5.08 5.08 3.30 
05-Jul 17:40 3.05 4.06 1.48 
06-Jul 16:15 3.81 5.08 2.46 
08-Jul 11:30 6.10 7.11 6.06 
08-Jul 22:10 5.08 4.06 2.44 
09-Jul 16:10 2.29 3.05 0.85 
09-Jul 00:40 1.27 1.02 0.14 
10-Jul 18:00 1.02 2.03 0.25 
15-Jul 16:45 4.83 6.60 4.53 
17-Jul 18:50 1.27 1.52 0.21 
20-Jul 12:50 6.86 6.10 6.38 
20-Jul 19:10 4.32 3.56 1.79 
25-Jul 22:25 6.86 5.08 4.32 
25-Jul 14:00 1.27 2.03 0.31 
26-Jul 18:25 1.78 2.54 0.53 
01-Aug 22:15 2.54 5.08 2.30 
03-Aug 17:40 8.64 11.18 15.81 
03-Aug 00:10 3.56 3.56 1.49 
05-Aug 23:20 16.26 7.62 16.09 
06-Aug 19:00 11.43 13.21 23.64 
11-Aug 15:15 2.29 4.57 1.77 
12-Aug 18:45 4.32 6.60 4.17 
19-Aug 19:00 4.32 3.05 1.50 
24-Aug 19:05 3.56 3.56 1.54 
25-Aug 19:50 4.83 9.65 9.94 
25-Aug 14:15 5.08 8.13 6.44 
26-Aug 14:40 5.84 9.14 8.65 
26-Aug 07:30 4.32 5.08 2.74 
31-Aug 14:55 6.10 12.19 15.79 
08-Sep 15:45 6.10 5.59 4.20 
08-Sep 09:25 4.57 4.06 2.16 
11-Sep 18:35 2.29 4.57 1.69 
21-Sep 00:05 17.53 4.06 8.15 
22-Sep 13:40 1.52 1.02 0.17 
23-Sep 09:10 1.27 2.54 0.39 
03-Oct 17:10 6.35 6.10 4.98 
08-Oct 14:25 2.29 1.02 0.26 
09-Oct 11:10 2.54 1.02 0.29 
10-Oct 09:40 1.27 2.54 0.36 
15-Oct 18:35 1.52 2.03 0.34 
18-Oct 13:55 12.95 11.68 24.40 
21-Oct 09:50 2.54 4.06 1.34 
27-Oct 12:40 8.89 9.14 12.87 
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Spring Creek #4 (long-term gauge), 2006: RF output for all storms between  
1 May and 31 October. 

 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

03-May 15:50 2.79 3.56 1.19 
03-May 19:50 1.52 2.54 0.55 
10-May 10:20 2.54 5.08 2.02 
22-May 21:05 2.54 3.05 0.90 
30-May 18:35 1.27 2.54 0.39 
30-May 01:55 1.52 1.52 0.26 
16-Jun 12:35 1.78 3.56 0.98 
04-Jul 21:10 3.56 3.56 1.49 
04-Jul 15:15 1.27 2.54 0.39 
05-Jul 17:35 2.54 3.05 0.94 
06-Jul 16:15 4.57 7.11 4.62 
08-Jul 11:35 5.84 7.11 5.62 
08-Jul 22:05 5.59 4.57 3.06 
08-Jul 13:30 1.02 1.52 0.17 
09-Jul 16:05 2.03 2.54 0.60 
09-Jul 00:50 1.02 1.02 0.11 
15-Jul 16:20 5.84 5.59 4.53 
17-Jul 18:55 1.02 1.02 0.11 
20-Jul 13:00 6.35 8.64 8.55 
20-Jul 18:10 4.06 3.56 1.69 
25-Jul 22:35 5.59 4.06 2.72 
26-Jul 18:30 1.52 2.54 0.46 
01-Aug 22:20 2.29 4.57 1.80 
03-Aug 17:50 6.60 8.64 8.91 
03-Aug 00:10 3.56 3.56 1.57 
05-Aug 23:20 9.14 6.60 7.76 
05-Aug 19:50 5.08 3.56 2.09 
06-Aug 19:00 10.16 11.68 19.35 
07-Aug 13:55 1.52 2.54 0.43 
11-Aug 15:15 1.02 2.03 0.25 
12-Aug 18:45 3.56 5.08 2.52 
19-Aug 19:10 4.57 4.06 2.21 
21-Aug 15:10 1.02 1.52 0.19 
24-Aug 18:20 4.57 3.05 1.70 
25-Aug 19:45 5.84 11.68 15.83 
25-Aug 14:15 5.08 8.64 6.96 
26-Aug 14:35 4.57 6.60 4.46 
26-Aug 07:20 3.81 4.06 1.82 
26-Aug 23:10 1.02 1.02 0.11 
31-Aug 14:55 2.29 4.57 1.44 
08-Sep 15:45 5.08 4.57 2.81 
08-Sep 09:25 3.81 4.06 1.87 
11-Sep 18:25 1.52 2.54 0.49 



 180

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

03-Oct 17:15 6.60 6.10 5.15 
08-Oct 13:05 2.54 1.02 0.29 
09-Oct 11:05 2.03 1.02 0.23 
10-Oct 10:15 1.27 2.54 0.45 
15-Oct 18:45 1.27 2.03 0.31 
18-Oct 14:55 11.94 6.60 10.48 
19-Oct 11:05 1.02 1.52 0.17 
21-Oct 11:30 2.54 3.05 0.94 
27-Oct 12:25 6.86 7.62 7.53 
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Spring Creek #5, 2006: RF output for all storms between 1 June and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

16-Jun 12:35 7.20 12.00 17.49 
21-Jun 20:35 1.20 2.00 0.34 
25-Jun 19:35 1.40 2.00 0.34 
28-Jun 11:15 1.80 3.60 0.96 
04-Jul 20:55 6.20 6.00 4.72 
05-Jul 17:35 3.00 3.60 1.25 
06-Jul 16:10 6.40 9.60 10.00 
07-Jul 20:00 1.80 2.40 0.47 
08-Jul 11:35 8.40 6.40 7.07 
08-Jul 22:10 7.80 5.20 4.68 
09-Jul 16:05 2.20 2.80 0.69 
10-Jul 18:00 1.20 2.40 0.38 
15-Jul 16:15 6.40 6.00 5.56 
17-Jul 19:35 1.20 1.20 0.15 
18-Jul 14:40 1.60 3.20 0.76 
20-Jul 13:00 8.40 13.60 22.16 
20-Jul 18:15 4.40 4.00 2.07 
25-Jul 22:30 5.40 4.00 2.56 
26-Jul 18:25 2.20 4.00 1.23 
03-Aug 17:55 7.40 10.40 12.70 
03-Aug 00:15 3.80 3.60 1.55 
05-Aug 23:25 15.20 7.60 14.26 
05-Aug 15:25 1.00 1.60 0.17 
06-Aug 19:05 11.40 10.80 18.24 
11-Aug 15:20 2.00 3.60 1.00 
12-Aug 18:50 3.40 4.40 1.78 
13-Aug 20:30 1.40 2.80 0.48 
19-Aug 19:10 4.40 4.00 2.01 
24-Aug 19:10 4.60 3.20 1.78 
25-Aug 14:20 5.80 10.40 10.25 
25-Aug 19:45 4.40 8.80 7.73 
26-Aug 14:35 5.20 7.20 5.27 
26-Aug 07:25 4.80 6.00 3.76 
31-Aug 15:00 1.80 3.20 0.68 
08-Sep 15:45 5.40 4.40 2.82 
08-Sep 09:25 4.00 4.00 1.84 
11-Sep 18:25 2.40 4.40 1.41 
20-Sep 23:30 18.40 4.40 9.00 
23-Sep 09:25 1.20 1.60 0.20 
03-Oct 17:15 6.80 6.00 5.20 
08-Oct 13:35 3.00 1.20 0.38 
09-Oct 12:20 3.80 1.60 0.64 
10-Oct 09:50 1.20 2.00 0.25 
18-Oct 13:05 15.80 7.20 14.90 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

19-Oct 10:45 2.20 1.20 0.28 
21-Oct 10:15 2.40 1.20 0.30 
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Trumbull, 2005: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

01-May 09:45 2.79 5.08 1.83 
02-May 16:15 2.54 1.52 0.43 
06-May 18:50 2.54 5.08 2.46 
29-May 18:30 5.33 6.10 4.29 
29-May 20:30 1.52 3.05 0.62 
30-May 17:00 4.83 4.06 2.92 
10-Jun 13:10 9.91 18.29 38.54 
10-Jun 01:15 1.27 2.54 0.39 
11-Jun 22:20 2.29 3.56 0.99 
12-Jun 02:50 4.57 5.59 3.35 
20-Jun 20:30 1.02 1.02 0.11 
23-Jun 18:35 9.40 17.27 37.39 
23-Jun 14:50 5.84 11.68 15.97 
24-Jun 22:00 5.08 8.13 6.36 
26-Jun 17:45 2.29 4.57 1.94 
14-Jul 23:10 1.02 2.03 0.25 
15-Jul 14:10 1.78 3.56 0.79 
25-Jul 19:50 4.32 4.57 2.36 
03-Aug 14:40 1.02 2.03 0.25 
04-Aug 12:00 10.67 8.13 11.36 
04-Aug 06:45 5.33 5.08 3.31 
04-Aug 02:20 1.78 2.03 0.40 
04-Aug 21:15 1.27 1.02 0.14 
09-Aug 17:10 4.32 8.13 6.67 
11-Aug 19:25 2.54 3.05 1.01 
11-Aug 17:15 1.02 1.52 0.17 
13-Aug 17:20 1.78 3.56 0.87 
16-Aug 15:30 18.80 31.50 140.05 
20-Aug 17:15 1.02 1.02 0.11 
24-Aug 19:20 1.02 2.03 0.36 
06-Sep 15:40 11.68 19.30 44.57 
14-Sep 15:15 1.02 1.52 0.17 
22-Sep 15:20 3.56 3.56 1.86 
22-Sep 02:05 1.27 2.54 0.39 
28-Sep 05:15 4.32 8.13 5.33 
09-Oct 15:15 3.56 1.52 0.60 
10-Oct 16:35 5.59 3.05 1.89 
11-Oct 11:35 11.94 7.62 11.87 
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Trumbull, 2006: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

05-May 18:25 1.52 1.52 0.26 
22-May 20:05 3.05 4.06 1.57 
30-May 17:45 1.02 2.03 0.28 
06-Jun 16:10 4.83 7.62 5.42 
21-Jun 14:40 1.52 3.05 0.62 
22-Jun 12:45 1.52 3.05 0.59 
25-Jun 20:50 1.02 1.02 0.11 
03-Jul 16:55 1.78 2.54 0.50 
04-Jul 23:15 9.91 6.10 7.73 
05-Jul 17:55 6.60 5.59 4.57 
06-Jul 16:45 1.78 2.54 0.53 
07-Jul 17:05 5.59 11.18 12.04 
07-Jul 20:10 1.52 2.03 0.34 
08-Jul 11:15 3.56 4.57 1.98 
08-Jul 13:35 3.30 4.06 1.64 
08-Jul 22:35 2.03 2.03 0.46 
09-Jul 12:40 5.59 7.11 6.23 
09-Jul 06:35 1.52 2.03 0.34 
09-Jul 16:10 1.78 1.52 0.30 
10-Jul 18:15 2.54 5.08 1.95 
14-Jul 20:15 1.27 2.54 0.42 
20-Jul 13:35 12.45 23.37 66.40 
20-Jul 19:05 4.32 3.56 1.75 
25-Jul 15:50 5.08 7.11 5.30 
25-Jul 22:10 2.79 3.56 1.19 
01-Aug 18:00 6.35 9.14 10.02 
02-Aug 14:15 1.02 1.02 0.11 
03-Aug 17:15 11.94 11.68 23.76 
03-Aug 00:20 5.59 6.10 4.63 
05-Aug 14:20 3.30 4.57 1.85 
05-Aug 19:30 5.59 2.03 1.26 
06-Aug 18:40 7.62 11.18 14.30 
12-Aug 18:50 5.33 4.57 3.26 
13-Aug 20:30 4.57 7.11 4.78 
19-Aug 15:45 4.06 6.60 3.91 
19-Aug 19:35 1.52 2.54 0.46 
25-Aug 14:50 3.56 7.11 4.31 
26-Aug 14:50 6.10 9.65 9.68 
26-Aug 07:30 6.10 7.62 6.64 
08-Sep 15:50 5.08 5.59 3.50 
08-Sep 09:05 2.29 2.03 0.51 
10-Sep 18:45 3.30 5.08 2.45 
11-Sep 18:45 2.03 4.06 1.21 
21-Sep 02:25 12.45 3.05 4.20 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

22-Sep 16:05 2.79 1.52 0.47 
03-Oct 17:15 3.30 4.57 2.01 
08-Oct 14:40 2.29 1.02 0.26 
09-Oct 10:30 1.78 1.02 0.20 
15-Oct 18:15 6.60 10.16 13.08 
17-Oct 10:50 1.78 1.52 0.30 
18-Oct 13:30 11.43 11.68 21.82 
21-Oct 10:20 2.79 5.08 1.95 
26-Oct 01:25 2.29 2.54 0.64 
27-Oct 12:20 9.91 11.18 17.75 
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Upper Saloon Gulch, 2005: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

01-May 09:35 2.20 2.40 0.57 
02-May 17:00 1.60 1.20 0.20 
29-May 17:50 3.40 3.60 1.49 
29-May 20:30 1.40 2.80 0.50 
03-Jun 16:45 5.20 6.80 4.84 
10-Jun 13:15 4.80 7.60 5.78 
11-Jun 22:20 2.80 4.40 1.51 
20-Jun 19:20 3.60 2.80 1.30 
23-Jun 15:10 1.60 2.40 0.48 
06-Jul 16:25 1.40 2.80 0.69 
14-Jul 22:55 3.40 5.20 2.27 
23-Jul 14:55 1.60 2.00 0.38 
24-Jul 17:25 1.20 1.60 0.21 
25-Jul 19:35 7.20 6.00 5.60 
25-Jul 15:00 1.20 2.00 0.27 
04-Aug 11:50 18.60 8.40 19.40 
04-Aug 02:25 2.80 2.80 0.87 
04-Aug 17:50 1.60 1.60 0.27 
05-Aug 00:30 1.80 1.60 0.30 
09-Aug 17:20 4.40 8.00 6.40 
11-Aug 19:30 1.40 1.60 0.25 
13-Aug 17:05 2.60 5.20 2.35 
16-Aug 15:30 4.60 7.20 4.81 
19-Aug 14:05 2.20 4.40 1.79 
20-Aug 17:55 2.20 1.60 0.37 
22-Aug 18:00 4.00 6.80 4.93 
23-Aug 15:30 1.00 2.00 0.24 
25-Aug 18:40 2.20 3.60 0.98 
06-Sep 15:40 9.00 11.60 16.30 
14-Sep 15:05 1.60 3.20 0.59 
22-Sep 15:55 4.60 4.80 2.77 
22-Sep 02:05 1.60 3.20 0.59 
28-Sep 05:10 3.60 6.00 2.92 
09-Oct 14:20 4.40 2.00 0.92 
10-Oct 13:00 3.80 1.60 0.64 
11-Oct 11:00 6.00 2.40 1.51 
31-Oct 09:45 2.80 2.40 0.70 
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Upper Saloon Gulch, 2006: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

03-May 14:55 3.20 3.20 1.18 
04-May 15:25 1.00 1.20 0.13 
22-May 21:00 2.80 4.00 1.45 
30-May 18:50 2.20 4.40 1.47 
31-May 13:40 6.60 11.20 14.15 
21-Jun 14:30 1.60 3.20 0.67 
25-Jun 19:50 1.40 1.20 0.19 
03-Jul 16:25 9.40 16.80 33.03 
04-Jul 21:05 9.00 7.20 8.75 
04-Jul 15:20 2.20 4.40 1.45 
05-Jul 17:30 6.00 6.00 4.45 
06-Jul 16:15 1.00 1.60 0.17 
08-Jul 11:15 4.20 5.60 3.00 
08-Jul 21:55 2.40 1.60 0.42 
08-Jul 13:20 1.00 0.80 0.08 
09-Jul 16:05 3.40 4.00 1.62 
09-Jul 14:05 1.20 2.00 0.27 
10-Jul 18:00 12.00 24.00 72.36 
12-Jul 13:55 2.20 3.20 1.03 
17-Jul 18:45 1.20 1.60 0.20 
20-Jul 13:05 11.40 17.60 41.39 
20-Jul 19:00 4.40 2.80 1.34 
25-Jul 21:40 5.20 4.80 3.07 
25-Jul 16:05 1.20 0.80 0.10 
26-Jul 18:30 1.20 2.00 0.27 
01-Aug 17:40 1.80 2.40 0.59 
02-Aug 21:10 12.00 23.60 69.86 
02-Aug 13:05 7.60 10.40 14.09 
03-Aug 17:25 15.20 20.40 60.64 
03-Aug 00:20 4.00 3.60 1.63 
05-Aug 22:20 8.80 3.60 3.44 
06-Aug 18:45 12.60 18.80 45.30 
07-Aug 14:30 10.80 19.60 47.08 
11-Aug 15:05 6.20 12.00 15.87 
12-Aug 18:50 3.20 4.80 1.92 
13-Aug 20:50 1.20 1.20 0.15 
14-Aug 15:05 1.40 2.40 0.46 
19-Aug 19:00 1.40 1.20 0.18 
25-Aug 14:40 4.80 8.40 6.69 
26-Aug 07:20 4.40 6.00 3.58 
26-Aug 14:30 3.60 4.80 2.26 
08-Sep 15:35 3.80 4.80 2.22 
08-Sep 09:10 3.00 2.80 0.90 
11-Sep 18:30 2.60 5.20 1.94 



 188

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

21-Sep 03:10 15.00 4.00 6.62 
22-Sep 14:35 1.80 1.20 0.23 
03-Oct 16:55 4.60 4.40 2.53 
08-Oct 14:15 2.00 0.80 0.17 
09-Oct 10:00 2.60 0.80 0.22 
15-Oct 18:15 4.00 5.20 2.84 
18-Oct 12:40 12.20 4.40 6.11 
19-Oct 10:50 1.60 0.80 0.13 
21-Oct 09:40 1.80 1.60 0.30 
27-Oct 09:35 6.20 2.80 1.89 
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Kelsey, 2005: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

01-May 10:40 2.03 2.03 0.46 
11-May 07:25 2.03 4.06 1.24 
29-May 18:55 5.08 4.57 2.92 
29-May 20:40 1.78 3.56 0.92 
29-May 13:10 1.27 1.02 0.16 
30-May 17:05 2.54 5.08 2.11 
30-May 18:35 3.30 4.57 2.18 
02-Jun 15:10 3.05 3.56 1.70 
03-Jun 17:00 7.37 13.21 19.52 
09-Jun 17:40 1.27 2.03 0.31 
10-Jun 13:10 6.60 12.19 15.82 
10-Jun 01:15 1.27 1.52 0.21 
11-Jun 22:20 5.84 8.13 6.88 
12-Jun 02:55 1.78 2.03 0.40 
15-Jun 14:30 1.27 2.54 0.42 
20-Jun 20:30 2.79 4.06 1.67 
23-Jun 18:40 1.52 2.03 0.37 
24-Jun 21:35 8.89 15.75 27.39 
24-Jun 16:25 1.27 2.54 0.39 
14-Jul 22:30 4.83 7.62 5.36 
24-Jul 16:40 13.21 20.83 58.69 
25-Jul 19:25 9.91 10.67 15.70 
04-Aug 11:50 20.57 8.13 21.17 
04-Aug 02:20 3.81 4.57 2.11 
04-Aug 17:55 2.54 2.03 0.57 
05-Aug 00:35 1.52 2.03 0.34 
09-Aug 17:25 5.33 9.65 9.76 
16-Aug 15:30 6.86 12.70 16.83 
20-Aug 18:00 2.03 2.03 0.46 
23-Aug 14:25 8.89 9.65 14.92 
25-Aug 18:45 1.78 3.05 0.64 
06-Sep 18:05 3.05 3.56 1.37 
06-Sep 15:40 1.27 2.03 0.29 
06-Sep 08:10 1.02 2.03 0.28 
14-Sep 15:10 1.78 3.05 0.60 
22-Sep 14:45 13.72 13.72 37.05 
22-Sep 17:30 1.02 2.03 0.23 
22-Sep 02:00 1.27 1.52 0.21 
28-Sep 05:20 4.32 7.62 4.76 
04-Oct 19:00 1.27 2.54 0.39 
09-Oct 17:50 5.59 2.03 1.26 
11-Oct 13:35 12.70 6.60 10.27 
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Kelsey, 2006: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

03-May 16:05 2.54 2.54 0.78 
03-May 20:00 1.27 2.54 0.39 
04-May 15:40 1.02 1.02 0.11 
10-May 10:00 1.52 3.05 0.55 
22-May 21:05 3.81 4.57 2.33 
30-May 18:45 1.52 3.05 0.59 
30-May 02:00 1.27 1.52 0.21 
21-Jun 14:35 2.03 3.56 0.85 
25-Jun 20:45 1.27 1.52 0.21 
03-Jul 16:35 1.52 1.52 0.26 
04-Jul 21:00 7.87 6.10 6.49 
05-Jul 17:40 3.81 4.06 1.82 
06-Jul 16:15 1.52 2.03 0.34 
08-Jul 11:25 5.59 6.60 5.00 
08-Jul 22:00 5.08 4.06 2.39 
09-Jul 16:00 3.05 4.06 1.48 
10-Jul 18:00 8.38 16.76 32.99 
12-Jul 13:55 1.02 1.52 0.19 
17-Jul 18:50 1.78 2.03 0.40 
20-Jul 18:10 6.60 4.06 3.18 
20-Jul 14:30 1.78 3.56 0.87 
20-Jul 12:30 2.54 2.54 0.90 
25-Jul 21:50 6.60 6.10 5.26 
25-Jul 14:25 2.54 5.08 1.86 
25-Jul 16:20 1.02 1.02 0.11 
26-Jul 18:25 1.52 2.54 0.52 
02-Aug 13:00 5.08 4.57 2.91 
03-Aug 17:35 11.43 14.22 27.95 
03-Aug 00:20 4.57 3.56 1.94 
05-Aug 23:10 9.14 7.11 8.96 
05-Aug 19:50 4.06 2.54 1.14 
06-Aug 18:50 9.40 11.18 17.12 
07-Aug 14:10 1.02 2.03 0.25 
11-Aug 15:05 8.89 17.78 41.90 
12-Aug 18:40 3.56 4.57 2.04 
13-Aug 20:30 1.27 1.52 0.21 
14-Aug 14:45 1.52 2.54 0.46 
16-Aug 23:45 1.27 2.54 0.42 
19-Aug 19:05 2.54 2.03 0.60 
21-Aug 15:45 1.02 1.52 0.17 
24-Aug 18:50 1.02 1.52 0.23 
25-Aug 14:20 8.38 11.18 15.23 
26-Aug 14:45 7.11 11.68 16.96 
26-Aug 07:20 3.81 4.06 1.82 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

31-Aug 14:45 6.86 12.70 19.97 
08-Sep 15:45 6.35 7.11 5.88 
08-Sep 09:15 5.08 3.56 2.14 
08-Sep 12:15 1.02 1.02 0.11 
11-Sep 18:30 4.06 8.13 6.08 
11-Sep 12:55 1.02 2.03 0.25 
21-Sep 00:00 18.80 3.56 7.58 
22-Sep 14:25 2.29 2.03 0.51 
03-Oct 17:10 4.80 4.80 2.73 
08-Oct 12:40 2.40 0.80 0.20 
09-Oct 12:40 2.80 1.20 0.35 
10-Oct 10:05 1.40 2.00 0.34 
15-Oct 18:45 1.40 2.00 0.31 
18-Oct 13:10 11.60 5.20 7.14 
19-Oct 10:30 1.80 1.20 0.23 
21-Oct 11:15 2.60 2.40 0.67 
27-Oct 12:55 11.40 4.80 6.41 
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Nighthawk, 2005: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

02-Jun 14:10 1.60 2.80 0.67 
03-Jun 15:50 3.60 5.60 3.07 
09-Jun 16:55 6.00 12.00 13.30 
10-Jun 12:30 13.40 8.80 15.77 
10-Jun 09:40 4.40 8.80 6.47 
11-Jun 21:30 2.40 3.20 0.86 
20-Jun 20:10 1.40 1.60 0.23 
23-Jun 19:00 6.80 8.80 8.47 
23-Jun 15:35 3.00 5.60 2.88 
24-Jun 21:35 4.00 5.60 3.04 
24-Jun 14:05 2.60 5.20 2.46 
15-Jul 14:25 4.20 8.40 5.78 
24-Jul 17:05 1.80 2.80 0.62 
25-Jul 20:10 3.20 2.80 0.96 
03-Aug 15:00 1.60 2.80 0.54 
04-Aug 12:10 9.40 7.60 9.25 
04-Aug 07:05 6.40 3.60 2.60 
04-Aug 01:35 3.00 2.40 0.77 
04-Aug 18:15 1.80 1.20 0.23 
13-Aug 17:25 4.60 9.20 8.13 
16-Aug 15:50 9.80 13.60 24.10 
19-Aug 14:35 1.00 2.00 0.24 
23-Aug 15:45 9.20 11.20 19.86 
23-Aug 13:00 1.40 2.80 0.48 
06-Sep 16:05 3.40 4.40 1.85 
06-Sep 18:35 2.00 2.40 0.52 
14-Sep 15:25 1.20 2.40 0.36 
22-Sep 16:15 8.20 11.20 15.25 
22-Sep 02:05 1.20 2.40 0.38 
28-Sep 05:10 4.40 6.40 3.85 
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Nighthawk, 2006: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

03-May 14:50 1.20 1.60 0.20 
22-May 21:25 3.00 4.00 1.49 
30-May 00:55 1.80 1.60 0.32 
31-May 13:50 10.80 18.80 43.61 
16-Jun 12:45 6.40 12.00 14.59 
21-Jun 20:50 2.40 4.80 2.57 
25-Jun 19:20 2.00 3.60 1.09 
28-Jun 11:20 1.20 2.00 0.30 
03-Jul 17:00 7.40 7.60 8.07 
04-Jul 21:45 9.20 5.20 5.91 
05-Jul 17:50 2.60 3.60 1.07 
06-Jul 16:35 8.60 12.40 19.17 
07-Jul 20:00 1.80 1.60 0.32 
08-Jul 11:25 5.00 6.40 4.37 
08-Jul 13:50 2.80 3.20 1.04 
08-Jul 22:40 1.80 1.20 0.23 
09-Jul 13:00 2.60 2.00 0.55 
09-Jul 16:25 1.00 2.00 0.21 
09-Jul 02:05 1.20 0.80 0.10 
18-Jul 14:50 5.80 11.20 12.44 
20-Jul 18:20 4.20 3.20 1.52 
20-Jul 13:10 1.20 0.80 0.10 
25-Jul 21:50 2.80 3.20 0.99 
25-Jul 16:10 1.40 2.00 0.31 
26-Jul 18:25 2.40 3.60 1.08 
01-Aug 18:30 6.20 12.40 17.90 
02-Aug 21:35 2.80 5.60 2.85 
02-Aug 13:20 1.20 1.60 0.20 
03-Aug 17:45 16.00 19.20 57.12 
03-Aug 00:35 5.00 7.20 5.36 
05-Aug 20:20 5.00 2.00 1.05 
05-Aug 15:20 1.20 2.00 0.25 
06-Aug 19:35 13.60 15.20 36.36 
07-Aug 14:55 1.80 2.00 0.39 
11-Aug 14:50 2.00 2.00 0.52 
12-Aug 19:30 2.80 2.80 0.87 
19-Aug 18:15 3.00 3.20 1.06 
24-Aug 18:50 1.60 2.80 0.60 
25-Aug 14:10 2.80 3.60 1.60 
25-Aug 20:00 1.20 2.00 0.27 
26-Aug 14:55 6.80 8.80 9.28 
26-Aug 07:40 6.40 8.00 7.21 
31-Aug 15:15 1.40 2.80 0.46 
07-Sep 14:55 1.60 3.20 0.67 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

08-Sep 16:15 3.40 3.60 1.37 
08-Sep 09:05 3.00 3.20 1.09 
10-Sep 19:40 1.20 2.00 0.29 
11-Sep 18:40 1.20 2.00 0.25 
21-Sep 02:15 27.40 6.00 19.88 
22-Sep 11:25 1.80 1.60 0.30 
22-Sep 14:45 1.80 1.60 0.30 
03-Oct 17:15 5.60 6.80 5.08 
08-Oct 13:00 3.40 0.80 0.29 
09-Oct 11:40 2.60 1.20 0.33 
10-Oct 09:40 1.80 2.40 0.49 
15-Oct 18:45 6.60 7.60 6.95 
18-Oct 13:25 17.60 6.40 13.80 
21-Oct 10:30 4.00 2.40 1.01 
27-Oct 11:55 20.40 6.80 18.25 
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Log Jumper, 2005: RF output for all storms between 3 August and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

03-Aug 14:55 1.20 2.40 0.32 
04-Aug 12:05 11.20 9.60 14.57 
04-Aug 06:55 8.40 6.80 7.27 
04-Aug 02:05 3.20 2.80 0.99 
04-Aug 18:05 1.40 1.20 0.18 
09-Aug 17:15 1.40 2.00 0.33 
11-Aug 20:05 1.40 1.20 0.18 
13-Aug 17:20 3.00 6.00 3.14 
16-Aug 15:45 13.80 26.80 88.37 
20-Aug 18:00 2.00 1.60 0.35 
21-Aug 16:45 1.00 2.00 0.23 
22-Aug 16:25 8.80 17.60 40.80 
22-Aug 18:10 1.80 3.60 0.88 
24-Aug 19:05 2.20 4.00 1.27 
06-Sep 15:45 7.40 9.20 10.05 
14-Sep 15:20 1.00 2.00 0.23 
22-Sep 16:05 3.80 7.60 4.55 
22-Sep 02:10 2.00 3.60 0.90 
22-Sep 00:15 1.00 2.00 0.23 
28-Sep 05:15 4.80 8.00 5.70 
04-Oct 19:00 1.80 2.40 0.53 
09-Oct 16:35 5.20 1.60 0.87 
10-Oct 13:20 4.40 1.60 0.74 
11-Oct 09:55 16.00 4.80 9.13 
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Log Jumper, 2006: RF output for all storms between 1 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

05-May 19:10 1.00 1.20 0.13 
09-May 23:55 1.00 1.60 0.17 
22-May 20:20 4.20 5.20 2.86 
30-May 18:00 2.20 3.20 0.87 
31-May 12:50 9.40 13.20 21.89 
25-Jun 19:40 2.00 3.60 0.90 
03-Jul 16:25 22.00 38.80 207.90 
04-Jul 15:45 4.00 8.00 5.94 
04-Jul 21:15 7.60 4.00 3.58 
05-Jul 17:50 4.80 4.80 2.66 
06-Jul 16:25 6.60 6.00 5.46 
07-Jul 17:10 9.40 18.00 37.86 
07-Jul 19:25 2.20 2.40 0.59 
08-Jul 13:35 4.20 5.60 3.08 
08-Jul 11:10 3.80 4.40 2.06 
08-Jul 22:35 1.80 2.00 0.39 
08-Jul 16:55 1.00 1.20 0.13 
09-Jul 12:45 4.20 5.20 2.67 
09-Jul 16:15 2.60 2.80 0.85 
09-Jul 07:20 1.00 1.20 0.13 
10-Jul 18:15 11.40 22.80 64.54 
20-Jul 13:45 3.20 5.60 2.50 
20-Jul 19:20 3.40 2.40 0.86 
25-Jul 21:55 4.00 4.40 2.09 
25-Jul 16:25 1.00 0.80 0.08 
01-Aug 17:55 29.60 58.80 481.11 
02-Aug 13:20 6.00 9.20 9.50 
02-Aug 21:30 2.40 4.80 1.73 
03-Aug 17:35 18.60 24.80 98.13 
03-Aug 00:45 2.00 2.40 0.52 
05-Aug 15:20 2.60 2.40 0.71 
05-Aug 22:00 5.80 2.00 1.22 
06-Aug 18:45 17.40 29.20 114.92 
07-Aug 14:40 4.20 7.20 4.68 
12-Aug 19:25 3.60 2.80 1.21 
13-Aug 20:50 2.00 4.00 1.20 
24-Aug 18:10 1.60 1.60 0.31 
25-Aug 14:55 2.60 5.20 1.94 
26-Aug 14:50 6.60 9.60 10.14 
26-Aug 07:30 4.40 5.20 2.88 
08-Sep 15:50 3.40 3.60 1.40 
08-Sep 09:20 3.40 2.80 1.04 
11-Sep 18:40 1.80 3.60 0.87 
21-Sep 02:20 14.60 3.20 5.08 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

22-Sep 14:25 3.40 2.80 1.04 
03-Oct 17:10 5.00 4.80 2.98 
08-Oct 13:05 5.00 1.60 0.84 
09-Oct 11:05 1.40 0.80 0.12 
15-Oct 18:35 3.40 3.20 1.27 
18-Oct 12:55 12.40 6.00 8.83 
19-Oct 11:05 2.40 1.20 0.30 
21-Oct 10:00 3.00 2.40 0.75 
27-Oct 11:10 14.00 11.60 24.74 
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Noddle, 2006: RF output for all storms between 20 May and 31 October. 
 

Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

22-May 21:25 4.06 5.59 2.93 
30-May 01:00 1.78 1.52 0.30 
31-May 13:50 11.94 22.86 64.67 
16-Jun 12:40 3.30 6.60 3.47 
28-Jun 11:25 2.29 4.06 1.40 
03-Jul 16:55 13.21 10.67 23.07 
04-Jul 22:30 8.89 6.10 6.85 
05-Jul 17:45 3.56 4.06 1.70 
06-Jul 16:35 5.59 6.10 4.30 
07-Jul 20:35 1.52 2.03 0.34 
08-Jul 13:45 5.84 8.13 7.16 
08-Jul 11:25 5.59 6.60 5.35 
08-Jul 22:50 2.29 2.03 0.51 
09-Jul 14:20 4.06 3.05 1.41 
09-Jul 16:25 1.02 2.03 0.25 
09-Jul 19:10 1.52 1.52 0.26 
09-Jul 02:05 1.52 1.02 0.17 
18-Jul 14:55 1.78 3.56 0.96 
20-Jul 18:15 4.06 3.56 1.69 
25-Jul 21:45 4.06 3.56 1.69 
25-Jul 16:10 1.02 1.02 0.11 
26-Jul 18:40 2.79 5.59 2.69 
01-Aug 18:30 5.59 7.62 7.77 
02-Aug 21:30 2.03 4.06 1.48 
02-Aug 13:20 2.03 2.54 0.57 
03-Aug 17:50 14.99 18.29 50.89 
03-Aug 00:35 3.56 3.56 1.45 
05-Aug 19:55 5.33 2.03 1.20 
05-Aug 15:20 1.52 2.03 0.34 
06-Aug 19:30 8.64 7.62 9.58 
07-Aug 14:50 2.29 3.05 0.77 
12-Aug 19:30 2.79 2.54 0.85 
19-Aug 19:20 1.52 1.52 0.26 
25-Aug 14:10 2.29 2.54 0.77 
25-Aug 20:00 1.02 2.03 0.23 
26-Aug 15:00 7.11 10.67 12.47 
26-Aug 07:40 5.08 5.59 3.69 
31-Aug 15:15 1.52 3.05 0.55 
08-Sep 16:10 3.56 4.57 2.02 
08-Sep 09:00 3.05 3.05 1.07 
21-Sep 02:15 21.34 4.57 11.51 
22-Sep 16:45 3.81 3.05 1.33 
22-Sep 11:15 1.52 1.02 0.17 
03-Oct 17:15 4.57 7.11 4.55 
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Date 
Start 
time 

Storm 
depth 
(mm) 

Maximum 30-min 
intensity (mm h-1) 

Erosivity           
(MJ mm ha-1 h-1) 

08-Oct 13:20 3.30 1.02 0.37 
09-Oct 10:40 1.52 1.02 0.17 
10-Oct 10:25 1.78 3.05 0.68 
15-Oct 18:45 8.89 9.14 13.11 
18-Oct 13:55 11.94 8.13 14.00 
21-Oct 11:05 2.29 4.06 1.19 
27-Oct 12:00 5.84 9.14 8.28 
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Appendix IV.  Storm-based sediment production from road segments with sediment 

fences by study site for 2005 and 2006. 
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Storm-based sediment production in kilograms for each road segment at Spring Creek in 2005. 
 

 Sediment removal date  
Segment 7-Jun 11-Jun 25-Jun 18-Jul 25-Jul 26-Jul 5-Aug 10-Aug 11-Aug 17-Aug 11-Sep 23-Oct Total (kg) 

3/2 10.0 0.9 1753.3 6.9 22.9 14.3 37.2 266.0 152.6 843.7 1.9 51.8 3161.6
3/4 5.8 6.9 420.5 6.3 8.1 24.5 20.3 61.3 25.0 672.2 0.4 55.2 1306.5
3/5 9.6 0.4 346.8 9.9 7.8 17.4 31.7 75.0 6.6 508.9 1.7 23.5 1039.3
3/6 8.4 52.0 2.1 87.1 7.3 172.1 30.3 52.6 33.5 216.2 1.2 0.2 663.0
3/7 11.2 16.0 193.3 5.6 445.0 76.5 229.1 missed 65.9 366.1 1.2 43.9 1453.8
3/8 22.4 89.0 355.3 2.1 592.1 254.3 311.9 missed 247.3 589.8 2.1 138.0 2604.1
3/9 62.8 120.8 155.7 2.3 297.2 120.1 missed 263.6 178.3 327.4 5.3 8.8 1542.2
3/10 58.3 69.0 62.4 1.5 52.5 62.9 7.8 26.5 29.0 47.1 0.6 23.0 440.6
3/11 0.0 11.5 2.9 1.1 4.9 2.2 0.7 0.9 2.6 4.3 0.5 0.7 32.3
3/14 9.4 0.0 1212.1 0.3 43.9 76.6 236.5 missed 847.0 1050.2 1.5 120.6 3598.1
3/15 56.3 33.9 108.7 14.3 138.2 165.4 161.5 missed 331.4 286.1 17.4 141.7 1454.9

 
 

Storm-based sediment production in kilograms for each road segment at Spring Creek in 2006. 
 
 Sediment removal date  

Segment 
20-
Jun 

6-
Jul 

8-
Jul 

10-
Jul 

11-
Jul 

21-
Jul 

26-
Jul 

4-
Aug 

6-
Aug 7-Aug 

8-
Aug 

15-
Aug 

28-
Aug 2-Sep 

15-
Sep 

24-
Oct 

Total 
(kg) 

3/2 78.7 0.5 30.1 1.6 0.0 65.1 1.0 36.3 23.1 140.8 0.0 0.0 70.4 0.0 1.6 1.4 450.6
3/4 0.0 0.6 0.0 0.0 0.0 0.7 0.0 0.9 3.1 14.3 0.0 0.0 100.1 0.0 1.6 1.3 122.6
3/5 0.0 0.4 0.3 0.1 0.0 0.5 0.0 1.4 2.0 7.4 0.0 0.0 102.1 0.0 4.0 1.6 119.8
3/6 0.0 0.0 0.0 0.1 0.0 0.3 0.5 1.1 0.2 24.3 0.0 0.9 100.6 3.3 4.9 1.2 137.4
3/7 0.0 0.0 0.0 0.1 0.0 0.1 0.0 78.4 44.0 95.2 0.0 0.0 291.0 39.7 34.8 17.8 601.1
3/8 0.0 0.0 3.4 0.7 0.0 2.6 2.3 72.9 101.4 177.9 0.0 0.0 296.7 60.5 44.8 45.8 808.8
3/9 0.0 0.0 1.1 0.4 0.0 1.3 0.4 0.0 0.0 158.3 0.0 7.4 262.3 25.8 48.0 79.4 584.4
3/10 0.0 0.7 25.6 1.2 8.5 27.3 0.6 9.7 9.3 0.0 23.7 18.3 69.4 0.0 30.9 2.0 227.1
3/11 0.0 0.0 0.4 0.2 0.1 0.4 0.0 0.2 0.1 0.0 0.5 0.0 1.6 0.0 0.2 0.0 3.7
3/14 20.9 0.6 12.9 3.2 0.0 226.2 1.1 190.0 234.9 331.1 0.0 0.0 317.7 0.0 10.7 13.6 1362.9
3/15 0.0 2.7 40.6 34.0 11.3 41.0 15.7 26.0 73.8 missed 130.2 51.1 119.2 40.4 148.0 117.4 851.5
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Storm-based sediment production in kilograms for each road segment at Trumbull in 2005. 

 
 Sediment removal date  
Segment 12-Jun 24-Jun 26-Jun 18-Jul 25-Jul 5-Aug 10-Aug 14-Aug 17-Aug 10-Sep 22-Oct Total (kg) 

E1 225.0 285.5 24.4 0.6 0.3 14.4 2.3 20.3 43.1 174.1 14.8 804.8
E2 63.5 232.4 7.5 0.5 0.1 26.8 1.2 5.9 69.6 85.5 7.5 500.6
E3 170.0 373.6 18.2 0.7 0.0 46.2 1.4 0.0 311.5 143.8 67.8 1133.1
E4 291.2 missed 341.6 0.6 67.9 9.4 1.4 99.9 344.4 173.3 22.7 1352.3
8 776.0 347.6 5.7 1.0 0.0 11.3 1.1 0.2 255.6 64.4 16.5 1479.3

 
 
 
 
 

Storm-based sediment production in kilograms for each road segment at Trumbull in 2006. 
 

 Sediment removal date  

Segment 
14-
May 9-Jul 

11-
Jul 

20-
Jul 

21-
Jul 

26-
Jul 

2-
Aug 

3-
Aug 

4-
Aug 

6-
Aug 

7-
Aug 

14-
Aug 

28-
Aug 

15-
Sep 

25-
Oct 

Total 
(kg) 

E1 1.0 165.7 12.3 11.0 1.5 4.3 209.2 0.0 167.5 5.5 68.0 16.4 88.9 16.3 1.8 769.3
E2 0.0 11.3 0.1 14.8 0.0 6.5 32.2 5.5 31.7 0.2 16.9 9.4 32.8 0.1 5.3 166.8
E3 1.9 47.9 8.7 132.1 0.0 30.1 56.2 22.9 254.0 0.0 154.6 33.7 110.4 0.0 105.0 957.3
E4 0.0 109.8 16.5 97.7 4.9 109.7 106.4 26.1 222.0 6.7 173.4 96.3 158.5 0.0 186.1 1313.9
8 0.0 12.1 1.6 128.1 0.2 43.3 77.3 13.6 100.2 0.0 59.6 53.3 78.7 0.0 110.9 678.8
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Storm-based sediment production in kilograms for the road segment at Upper Saloon Gulch in 2005. 
 

 Sediment removal date  
Segment 26-Jul 5-Aug 11-Aug 17-Aug 11-Sep 25-Sep Total (kg) 

1 2.4 1.2 0.5 0.3 6.3 5.7 16.4
 
 
 
 
 
 
 
 

Storm-based sediment production in kilograms for the road segment at Upper Saloon Gulch in 2006. 
 

 Sediment removal date  
Segment 4-Aug 8-Aug 31-Aug 25-Oct Total (kg)

1 12.5 1.0 4.9 10.9 29.4
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Storm-based sediment production in kilograms for each road segment at Kelsey in 2005. 
 

 Sediment removal date  
Segment 11-Jun 12-Jun 26-Jun 26-Jul 5-Aug 11-Aug 17-Aug 11-Sep 22-Oct Total (kg) 

1 71.7 5.9 72.6 124.4 20.7 0.4 17.7 42.1 104.7 460.1
2 8.0 0.9 79.4 98.9 25.9 0.4 2.8 37.6 79.9 333.9

 
 
 
 
 

Storm-based sediment production in kilograms for each road segment at Kelsey in 2006. 
 

 Sediment removal date  

Seg. 18-May 6-Jul 8-Jul 10-Jul 11-Jul 18-Jul 21-Jul 26-Jul 4-Aug 6-Aug 8-Aug 14-Aug 31-Aug 2-Sep 25-Oct
Total 
(kg) 

1 3.7 1.4 1.1 0.6 17.3 0.0 0.8 2.2 27.2 21.1 25.7 25.1 74.9 30.1 33.7 264.8
2 2.0 0.3 0.0 0.0 31.3 1.6 0.5 2.2 35.6 29.8 17.1 70.7 77.3 54.8 51.9 375.1
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Storm-based sediment production in kilograms for each road segment at Nighthawk in 2005. 

 
 Sediment removal date  
Segment 17-Jun 24-Jun 26-Jun 18-Jul 5-Aug 10-Aug 14-Aug 18-Aug 10-Sep 22-Oct Total (kg) 

1 79.4 44.7 7.5 0.7 83.3 0.6 11.3 126.6 546.5 53.6 954.2
2 60.3 2.5 2.7 0.5 29.0 1.2 9.8 98.4 280.6 36.7 521.7

 
 
 
 
 
 

Storm-based sediment production in kilograms for each road segment at Nighthawk in 2006. 
 

 Sediment removal date  
Segment 1-Jun 20-Jun 6-Jul 9-Jul 10-Jul 21-Jul 3-Aug 4-Aug 6-Aug 7-Aug 28-Aug 25-Oct Total (kg) 

1 576.6 13.8 1.3 308.9 4.5 97.8 333.3 191.6 2.9 187.5 49.9 5.4 1773.5
2 221.3 3.0 2.3 161.5 1.2 3.2 31.7 318.3 1.3 283.5 21.1 3.8 1052.1
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Appendix V. Storm-based sediment production from OHV trail segments with 
sediment fences by study site for 2005 and 2006. 
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Storm-based sediment production in kilograms for each OHV trail segment at Log Jumper in 2005.  n/a indicates that the 
sediment fence had not been installed. 

 
 Sediment removal date  
Segment 5-Aug 10-Aug 12-Aug 18-Aug 10-Sep 22-Oct Total (kg) 

1 159.5 1.6 0.4 303.8 239.8 2.0 707.1
2 3.9 0.6 0.4 175.1 83.4 1.1 264.5
3 37.0 0.0 0.6 101.0 61.8 0.6 201.0
4 n/a n/a n/a 44.2 13.7 0.0 57.9
5 n/a n/a n/a 307.6 194.3 5.9 507.9

      
 

 
 
 

Storm-based sediment production in kilograms for each OHV trail segment at Log Jumper in 2006. 
 

 Sediment removal date  
Segment 14-May 1-Jun 7-Jul 10-Jul 11-Jul 2-Aug 3-Aug 4-Aug 8-Aug 28-Aug Total (kg) 

1 1.7 179.4 1160.7 391.7 399.8 3144.2 9.9 578.9 821.6 56.7 6744.7
2 0.7 96.5 517.7 69.8 55.5 missed 933.2 92.6 121.5 29.6 1917.0
3 0.0 187.3 300.2 70.6 66.8 missed 314.4 72.6 77.1 18.9 1107.9
4 0.0 8.4 563.0 217.7 178.6 missed 911.6 224.4 262.3 77.0 2443.1
5 0.0 416.5 1029.7 311.6 328.0 missed 1387.2 304.7 367.8 107.5 4253.1
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Storm-based sediment production in kilograms for each OHV trail segment at Noddle in 2006. 
 

 Sediment removal date 
Segment 1-Jun 20-Jun 6-Jul 10-Jul 3-Aug 5-Aug 8-Aug 28-Aug 11-Nov Total (kg) 

1 14.2 1.2 7.5 1.2 1.0 4.0 1.0 3.1 1.5 34.8
2 113.7 0.5 8.0 15.7 5.3 59.3 8.2 2.4 0.5 213.6
3 887.2 0.7 4.6 11.9 21.3 347.2 16.6 108.6 179.4 1577.5
4 150.3 1.0 34.0 28.8 38.4 91.6 8.7 27.0 36.3 416.1
5 79.6 1.0 5.8 4.4 8.0 60.0 4.9 4.8 5.0 173.5
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Appendix VI.  Survey data for OHV trails in the RRMRA by trail. 
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Appendix VI.A.  Survey information for the 24 segments measured along the Bar trail.  n.d. indicates that no data are 
available. 

 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

2 Midslope Bare Heavy No 0.1 44 11 2.30 4.80 Shallow Pushout 18.5 10 
5 Midslope Bare Heavy No 0.7 67 10 1.80 4.10 Medium Pushout 21.5 10 
8 Midslope Bare Heavy No 0.4 67 13 1.90 3.20 Shallow None 14.5 13 
11 Midslope Bare Heavy No 0.5 84 11 1.80 3.40 Shallow Pushout 15 3 
14 Midslope Bare Heavy No 0.1 35 6 2.10 4.95 Shallow Pushout 12 10 
17 Midslope Bare Heavy No 0.8 26 9 2.05 5.35 Shallow None 11 23 
20 Midslope Bare Heavy No 0.6 67 14 1.73 4.37 Shallow Pushout 19 20 
23 Midslope Bare Heavy No 0.6 25 11 3.25 6.25 Shallow Pushout 119 30 
26 Midslope Bare Heavy No 0.6 28 18 2.00 5.45 Shallow Pushout 20 12 
29 Midslope Bare Heavy No 1.4 26 13 1.60 4.60 Shallow None 15.5 30 
32 Midslope Bare Heavy No 1.1 34 15 1.70 5.30 Shallow Pushout 29.5 39 
35 Midslope Bare Heavy No 1.0 16.5 9 1.90 4.70 Shallow Pushout 11 32 
38 Midslope Bare Heavy No 0.8 16 6 1.80 3.70 Shallow Pushout 12 31 
41 Midslope Bare Heavy No 0.8 44 8 1.70 4.25 Shallow Pushout 28 28 
44 Midslope Bare Heavy No 1.3 39 15 1.75 5.70 Shallow Pushout 41 25 
47 Midslope Bare Heavy No 0.9 19 11 1.70 5.20 Shallow Pushout 26 27 
50 Midslope Bare Heavy No 0.6 51 9 1.80 6.90 Shallow Pushout 15 26 
53 Midslope Bare Heavy No 0.8 7 6 1.90 5.60 None Pushout 9 31 
56 Midslope Bare Heavy No 0.5 29.5 8 1.70 4.50 Shallow Pushout 20.5 24 
59 Ridgetop Bare Heavy No 0.6 21 13 1.70 6.30 Shallow Pushout 23.5 33 
62 Ridgetop Bare Heavy No 0.4 67 17 1.70 4.15 Shallow Pushout 61.5 23 
65 Midslope Bare Heavy No 0.8 25 20 1.70 4.00 Shallow Pushout 87 25 
68 Midslope Bare Heavy No 0.3 41 17 2.60 4.55 Shallow Pushout 27 12 
71 Valley  Bare Heavy No 0.9 97 15 1.87 4.97 Medium None n.d. n.d. 
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Appendix VI.A. (continued). 
 

      Outlet rill     

Seg. no. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

2 Medium Plume     2   
5 High Plume     3   
8 High Plume     4   
11 Medium Plume     2   
14 Medium Plume     4   
17 Medium Plume     2   
20 High Plume     2   
23 Medium Outlet rill 0.40 0.14 3   
26 High Plume     3   
29 Medium Plume     2   
32 Medium Plume     3   
35 Medium Plume     2   
38 Medium Plume     2   
41 Medium Plume     3   
44 Medium Plume     3   
47 Medium Outlet rill 0.18 0.09 3   
50 High Plume     4   
53 High Plume     2   
56 Low Plume     3   
59 Medium Plume     3   
62 Medium Plume     3   
65 Medium Outlet rill 0.28 0.10 3 Don’t use plume distance, length estimated b/c of private property. 
68 Medium Plume     3   
71 n.d. n.d.     4 Drains into Pine Creek at Hwy 67. 
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Appendix VI.B.  Survey information for the 11 segments measured along the Cabin Ridge trail.  n.d. indicates that no data are 
available. 

 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width (m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

1 Ridgetop Bare Heavy No 0.0 117.5 10 3.43 5.33 Shallow Pushout 19 7 
4 Ridgetop Bare Heavy No 0.0 152 4 3.65 6.05 None Pushout 12 5 
7 Ridgetop Bare Heavy No 0.2 112 12 2.37 4.80 Shallow Pushout 35 21 
10 Ridgetop Bare Heavy No 0.2 109.5 11 2.45 4.85 Shallow None 23.5 16 
13 Ridgetop Bare Heavy No 0.0 26.5 8 3.40 6.00 None None 8 17 
16 Ridgetop Bare Heavy No 0.1 162.5 2 2.85 5.35 None None 0  n.d. 
19 Ridgetop Bare Heavy No 0.4 48 13 2.05 5.30 Shallow Pushout 13.5 9 
22 Ridgetop Bare Heavy No 0.1 43 1 1.85 4.20 None None 0  n.d. 
25 Ridgetop Bare Heavy No 0.1 58 5 2.50 5.20 Shallow Pushout 31 20 
28 Ridgetop Bare Heavy No 0.1 128 6 2.13 4.03 Shallow None 0  n.d. 
31 Ridgetop Bare Heavy No 0.0 220.5 8 2.82 5.38 Medium Pushout 22.5 12 
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Appendix VI.B. (continued). 
 

      Outlet rill     

Seg. No. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

1 Medium Plume     2   
4 Medium Plume     2   
7 High Plume     3   
10 High Plume     3   
13 Medium Plume     2   
16   None     1   
19 Low Plume     2   
22   None     1   
25   Outlet rill 0.30 0.03 3   
28   None     1   
31 Medium Plume     3 Sediment plume is impounded by a berm. 
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Appendix VI.C.  Survey information for the 19 segments measured along the Devil’s Slide trail.  n.d. indicates that no data are 
available. 

 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

1 Ridgetop Bare Heavy No 0.4 86 13 1.60 6.50 Medium Pushout 107 20 
4 Ridgetop Bare Heavy No 0.0 32 8 2.55 4.65 Shallow Pushout 41.5 25 
7 Midslope Bare Heavy No 0.4 310 12 2.05 4.55 Deep Pushout 68 15 
10 Valley Bare Heavy No 0.1 10 15 1.50 2.50 None Pushout n.d. n.d. 
13 Valley Bare Heavy No 0.3 57 13 1.85 3.80 Shallow Pushout n.d. n.d. 
16 Valley Bare Heavy No 0.3 42 11 1.75 3.30 Shallow Pushout 7.7 25 
19 Valley Bare Heavy No 0.7 26 9 1.90 4.50 Shallow Pushout 3 n.d.  
22 Valley Bare Heavy No 0.5 35 12 1.60 4.40 Shallow Pushout 10.5 15 
25 Valley Bare Heavy No 0.3 27 11 1.60 3.10 Shallow None n.d. n.d. 
28 Valley Bare Heavy No 1.0 14 7 1.70 4.00 None Pushout 10 12 
31 Valley Bare Heavy No 0.1 14 7 2.00 4.30 None Pushout 8 19 
34 Valley Bare Heavy No 0.2 50 7 1.90 6.00 Medium Pushout 45 10 
37 Valley Bare Heavy No 0.3 58 10 1.75 3.60 Shallow None n.d. n.d. 
40 Valley Bare Heavy No 0.5 93 9 1.83 3.97 Medium None n.d. n.d. 
43 Valley Bare Heavy No 0.2 33 5 1.65 3.75 None Pushout 15 10 
46 Valley Bare Heavy No 0.8 150 6 1.58 3.78 Shallow Pushout 52 8 
49 Valley Bare Heavy No 0.5 64 4 1.55 4.50 Shallow None 8 48 
52 Valley Bare Heavy No 1.1 20 2 1.70 8.00 Shallow None 15 32 
55 Valley Bare Heavy No 0.3 10 9 1.80 3.30 Shallow None 28 15 
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Appendix VI.C.  (continued). 
 

      Outlet rill     

Seg. no. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

1 Medium Plume     3   
4 Low Outlet rill 0.33 0.12 3   
7 High Plume     3   
10   n.d.     4 Outlet is the stream. 
13   n.d.     4 Outlet is the stream. 
16 Low Plume     4 Length to stream. 
19 Low Plume     4 Length to stream. 
22 High Plume     4 Length to stream. 
25   n.d.     4 Outlet is the stream. 
28 Medium Plume     4 Length to stream. 
31 Medium Plume     4 Length to stream. 
34 Low Plume     4 Length to stream. 
37   n.d.     4 Outlet is the stream. 
40   n.d.     4 Outlet is the stream. 
43 High Plume     4 Length to stream. 
46 High Plume     4   
49 Medium Plume     4 Length to stream. 
52 Medium Plume     4   
55 Low Plume     4   
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Appendix VI.D.  Survey information for the 18 segments measured along the Gramps trail.  n.d. indicates that no data are 
available. 

 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

2 Ridgetop Bare Heavy No 0.1 53.5 2 2.00 4.10 Shallow None 0  n.d. 
5 Ridgetop Bare Heavy No 0.5 27 5 1.80 6.50 Shallow None 26.5 28 
8 Ridgetop Bare Heavy No 0.0 35.5 4 2.30 5.00 Shallow Pushout 15 14 
11 Ridgetop Bare Heavy No 0.3 26 4 2.20 5.00 Shallow Pushout 10 15 
14 Ridgetop Bare Heavy No 0.2 47 4 1.95 4.75 None None 11 19 
17 Ridgetop Bare Heavy No 0.1 37 5 2.00 4.40 Shallow Pushout 11 27 
20 Ridgetop Bare Heavy No 0.2 29 3 2.90 5.05 Shallow Pushout 7 10 
23 Ridgetop Bare Heavy No 0.1 8 7 1.70 4.60 None None 5.5 20 
26 Ridgetop Bare Heavy No 0.5 22 6 2.10 5.30 None None 10 35 
29 Ridgetop Bare Heavy No 1.1 8 5 2.20 6.00 None None 5.8 36 
32 Ridgetop Bare Heavy No 0.5 28 6 2.00 6.20 None None 6 41 
35 Ridgetop Bare Heavy No 0.9 42 6 1.75 6.95 Shallow None 11.5 41 
38 Ridgetop Bare Heavy No 0.5 15 8 1.80 6.20 Shallow Pushout 12 23 
41 Ridgetop Bare Heavy No 0.5 34 4 2.05 5.95 None None 28 26 
44 Midslope Bare Heavy No 0.3 70 6 2.10 5.67 Shallow None 0  n.d. 
47 Midslope Bare Heavy No 0.3 135 7 2.03 4.50 Shallow None 24 11 
50 Ridgetop Bare Heavy No 0.0 102 4 4.77 7.13 None None 0  n.d. 
53 Ridgetop Bare Heavy No 0.6 377 16 1.84 4.44 Deep None 117.5 31 
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Appendix VI.D.  (continued). 
 

      Outlet rill     

Seg. No. Roughness 
Sediment 

plume/Outlet rill
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

2   N/A     1   
5 Medium Plume     3   
8 Medium Plume     2   
11 Medium Plume     2   
14 Medium Plume     2   
17 High Plume     2   
20 High Plume     2   
23 Medium Plume     2   
26 Medium Plume     2   
29 Medium Plume     2   
32 High Plume     2   
35 High Plume     2   
38 Medium Plume     2   
41 Medium Plume     3   
44   None     1   
47 Medium Plume     3   
50   None     1   
53 Low Outlet rill 0.33 0.22 4   
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Appendix VI.E.  Survey information for the 16 segments along the Log Jumper-A trail.  n.d. indicates that no data are 

available. 
 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

2 Ridgetop Bare Heavy No 1.3 52.5 17 2.60 4.73 Shallow None. 63 20 
5 Midslope Bare Heavy No 1.0 32.5 18 1.95 6.88 Shallow None 19.00 40 
8 Midslope Bare Heavy No 0.2 61 18 1.77 2.87 Shallow None 5 18 
11 Midslope Bare Heavy No 0.9 34.5 16 1.80 4.40 Shallow Pushout 10.5 35 
14 Midslope Bare Heavy No 0.4 11 21 1.70 4.25 None None 4 40 
17 Midslope Bare Heavy No 0.6 31.5 15 1.77 4.80 Shallow None 29 32 
20 Midslope Bare Heavy No 0.7 27.5 11 1.80 4.45 None Pushout 14 26 
23 Midslope Bare Heavy No 0.3 12.5 12 1.80 3.80 Shallow Pushout 5 20 
26 Midslope Bare Heavy No 0.8 13 23 1.90 5.00 Shallow None 25 31 
29 Midslope Bare Heavy No 1.0 36 13 1.65 5.15 Shallow None 29 45 
32 Midslope Bare Heavy No 0.8 45 14 1.83 4.83 Shallow None 13 25 
35 Midslope Bare Heavy No 0.9 40.5 19 1.73 4.17 Shallow None 33 28 
38 Midslope Bare Heavy No 0.2 32 19 1.90 3.60 Shallow Pushout 19 13 
41 Midslope Bare Heavy No 0.7 45 14 1.90 4.67 Shallow None 22.5 25 
44 Midslope Bare Heavy No 0.2 43.5 11 2.03 3.93 Shallow Pushout 9 11 
47 Valley Bare Heavy No 0.5 80 17 1.60 3.37 Shallow None n.d. n.d. 
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Appendix VI.E.  (continued). 
 

      Outlet rill     

Seg. no. Roughness 

Sediment 
plume/Outlet 

rill Width (m) 
Depth 

(m) 
Conn. 
class Notes 

2 Medium Plume     3   
5 Low Plume     2   
8 Medium Plume     2   
11 Medium Plume     2   
14 Medium Plume     2   
17 Medium Plume     3   
20 Medium Plume     2   
23 Medium Plume     2   
26 Low Plume     3   
29 Low Outlet rill 0.47 0.13 3   
32 Low Plume     2   
35 Medium Plume     3   
38 Low Plume     2   
41 Medium Plume     3 Monitoring segment LJ #1. 
44 Medium Plume     2   
47 Low n.d.     4 Drains to parking lot and Sugar Creek. 
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Appendix VI.F.  Survey information for the 23 segments measured along the Log Jumper-C trail.  n.d. indicates that no data 

are available. 
 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

1 Ridgetop Bare Heavy No 0.2 98 7 3.37 7.37 None None 10.5 13 
4 Ridgetop Bare Heavy No 2.1 167 7 3.27 10.40 Medium None 12.5 32 
7 Ridgetop Bare Heavy Yes 1.0 50 9 3.00 9.30 Medium None 35 22 
10 Ridgetop Bare Heavy No 0.2 86 12 3.65 7.00 Shallow Pushout 86.5 21 
13 Ridgetop Bare Heavy No 3.7 88 6 2.90 13.17 Deep None 119 26 
16 Ridgetop Bare Heavy No 9.6 30 9 1.90 26.00 Shallow Pushout 22 23 
19 Ridgetop Bare Heavy No 6.0 46 14 2.20 15.00 Shallow Pushout 76.5 40 
22 Ridgetop Bare Heavy No 10.4 58 2 2.25 17.25 None None 47 41 
25 Ridgetop Bare Heavy No 3.4 79 13 2.60 10.95 Medium Pushout 69.5 39 
28 Ridgetop Bare Heavy No 5.1 34 0 2.90 13.40 None None  0  n.d. 
31 Ridgetop Bare Heavy No 1.5 27 9 3.40 9.00 Medium Pushout 60.3 21.0 
34 Ridgetop Bare Heavy No 1.0 36 8 3.00 8.00 Shallow Pushout 70.5 20 
37 Ridgetop Bare Heavy No 2.0 27 5 2.80 11.50 shallow Pushout 60 18 
40 Ridgetop Bare Heavy No 0.3 32 9 2.80 7.00 Medium Pushout 34 15 
43 Ridgetop Bare Heavy No 0.9 21 0 2.50 8.20 Shallow Pushout 27.5 24 
46 Ridgetop Bare Heavy No 0.0 85 5 3.00 7.00 None None 26 23 
49 Ridgetop Bare Heavy No 0.0 16 3 3.20 6.50 None None 10.5 15 
52 Midslope Bare Heavy No 3.0 42 7 2.15 10.50 Medium Pushout 34 16 
55 Midslope Bare Heavy No 1.6 31 12 2.60 9.30 Medium Pushout 67 32 
58 Ridgetop Bare Heavy No 3.1 125 10 2.63 11.60 Medium Pushout 131 31 
61 Ridgetop Bare Heavy No 1.8 27 5 2.20 9.30 Shallow Pushout 31 37 
64 Ridgetop Bare Heavy No 0.0 18 16 2.70 13.50 Shallow Pushout 30.4 19 
67 Ridgetop Bare Heavy No 0.2 32 16 2.00 8.00 Medium Pushout 38 23 
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Appendix VI.F.  (continued). 
 
      Outlet rill     

Seg. 
no. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

1 Low Plume     2   
4 Medium Plume     2   
7 Medium Plume     3   
10 Medium Outlet rill 0.40 0.16 3   
13 Low Plume     4   
16 Medium Plume     3   
19 Low Plume     3   
22 Low Plume     3   
25 Low Plume     4   
28  n.d. None     1   
31 Medium Outlet rill 0.25 0.11 3   
34 Medium Plume     3   
37 Medium Plume     3   
40 High Plume     3   
43 Medium Plume     3   
46 Low Plume     3   
49 Low Plume     2   
52 Medium Plume     3   
55 Medium Plume     3   
58 Medium Outlet rill 0.30 0.18 3   
61 Medium Plume     3   
64 Medium Plume     3   
67 Low Outlet rill 0.30 0.15 3   
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Appendix VI.G.  Survey information for the 19 segments measured along the Long Hollow trail.  n.d. indicates that no data 
are available. 

 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

2 Ridgetop Bare Heavy No 0.1 110 9 1.65 3.75 Shallow None 21 27 
5 Ridgetop Bare Heavy No 0.3 45 17 1.80 4.10 Shallow Pushout 39.5 38 
8 Midslope Bare Heavy No 0.2 46 9 1.80 4.25 Shallow None 140.5 14 
11 Midslope Bare Heavy No 0.3 71 14 1.90 3.35 Medium None 37 13 
14 Valley Bare Heavy No 0.2 114 10 1.77 3.40 Shallow None 6.5 12 
17 Valley Bare Heavy No 0.1 22 13 1.90 3.00 Shallow Pushout 12 22 
20 Valley Bare Heavy No 0.2 102 14 1.73 3.17 Deep Pushout 19.5 27 
23 Midslope Bare Heavy No 0.8 49 7 1.65 4.60 Shallow None 0  n.d. 
26 Midslope Bare Heavy No 0.4 98 15 1.70 3.70 Medium Pushout 49 26 
29 Midslope Bare Heavy No 0.1 27 8 1.70 3.00 None None 17 26 
32 Midslope Bare Heavy No 0.2 47.5 19 1.53 3.33 Medium None 24 36 
35 Midslope Bare Heavy No 0.9 33.5 22 1.75 3.75 Shallow Pushout 23 25 
38 Midslope Bare Heavy No 0.2 69 11 1.75 3.40 Medium None 0  n.d. 
41 Midslope Bare Heavy No 0.1 36.5 8 1.70 2.60 Shallow Pushout 14 16 
44 Valley Bare Heavy No 0.2 58 7 1.65 3.40 Shallow None 0  n.d. 
47 Valley Bare Heavy No 0.0 106 6 2.00 3.63 Shallow Pushout 21 9 
50 Midslope Bare Heavy No 0.3 67 14 1.65 2.65 Shallow Pushout 18.5 17 
53 Ridgetop Bare Heavy No 0.4 51 8 1.95 4.80 Shallow Pushout 55 24 
56 Ridgetop Bare Heavy No 0.1 71 7 1.73 3.00 Shallow Pushout 109 20 
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Appendix VI.G.  (continued). 
 
      Outlet rill     

Seg. No. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

2 low Plume     3   
5 medium Outlet rill 0.20 0.05 3   
8 medium Plume     3   
11 medium Plume     3   
14 high Plume     4   
17 high Plume     4   
20 high Plume     4   
23 N/A None     1   
26 medium Plume     3   
29 low Plume     2   
32 medium Plume     3   
35 medium Plume     3   
38 N/A None     1   
41 medium Plume     2   
44 N/A None     1   
47 high Plume     4   
50 medium Plume     2   
53 low Plume     3   
56 medium Plume     3   
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Appendix VI.H.  Survey information for the 53 segments measured along the Noddle trail.  n.d. indicates that no data are 
available. 

 

Seg. 
no. 

Hillslope 
position 

Trail 
surface 
cover Traffic 

Inside 
ditch 

Incised 
depth 
(m) 

Length 
(m) 

Slope 
(%) 

Active 
width 
(m) 

Total 
width 
(m) 

Max. rill 
depth 

on seg. 
Drainage 

type 

Transport 
distance 

(m) 

Hillslope 
gradient 
below 

drainage 
(%) 

1 Ridgetop Bare Heavy No 0.0 18.0 12 4.60 6.60 Shallow Pushout 25.5 16 
4 Ridgetop Bare Heavy No 0.0 37.5 5 3.05 5.50 Shallow Pushout 27.0 28 
7 Ridgetop Bare Heavy No 0.0 48.5 9 3.20 5.97 None Pushout 54.5 15 
10 Ridgetop Bare Heavy No 0.2 51.0 10 2.00 4.60 None Pushout 21.0 15 
13 Ridgetop Bare Heavy No 0.6 65.0 16 2.23 4.40 Shallow Pushout 26.5 15 
16 Ridgetop Bare Heavy No 0.7 43.0 15 1.90 4.90 Shallow Pushout 50.0 23 
19 Ridgetop Bare Heavy No 0.3 43.0 14 1.90 6.75 Shallow Pushout 26.0 19 
22 Midslope Bare Heavy No 0.3 17.0 5 1.75 3.60 None None 7.5 30 
25 Midslope Bare Heavy No 0.3 19.5 7 1.65 3.55 None None 2.0 41 
28 Midslope Bare Heavy No 0.5 47.0 13 1.70 3.55 None None 55.0 32 
31 Midslope Bare Heavy No 0.4 16.0 10 1.70 3.55 Shallow None 10.5 30 
34 Midslope Bare Heavy No 0.5 10.0 11 1.60 4.10 None None 7.0 45 
37 Midslope Bare Heavy No 0.2 23.0 14 2.00 3.60 Shallow None 17.0 35 
40 Midslope Bare Heavy No 0.2 27.5 4 1.70 3.30 None None 0.0  n.d. 
43 Midslope Bare Heavy No 0.3 59.0 5 1.75 4.25 None None 0.0  n.d. 
46 Midslope Bare Heavy No 0.2 55.0 12 1.65 3.05 Shallow None 13.0 21 
49 Midslope Bare Heavy No 0.2 60.0 15 1.70 3.65 Shallow None 22.0 22 
52 Valley Bare Heavy No 0.8 44.0 3 2.00 5.30 None None 0.0 n.d. 
55 Valley Bare Heavy No 0.8 71.0 12 1.60 4.75 Shallow None n.d. n.d. 
58 Valley Bare Heavy No 1.9 55.0 19 1.83 4.60 Shallow Pushout 36.0 26 
61 Valley Bare Heavy No 0.3 60.0 19 1.90 4.55 Shallow None 19.0 16 
64 Valley Bare Heavy No 0.4 14.0 13 1.80 3.80 None None 8.5 30 
67 Valley Bare Heavy No 0.9 19.5 14 1.70 5.80 None None 6.0 42 
70 Valley Bare Heavy No 0.5 37.0 11 1.80 2.50 None Pushout 11.0 21 
73 Valley Bare Heavy No 0.4 31 12 1.70 3.70 None Pushout 16.0 25 
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76 Valley Bare Heavy No 0.7 88.0 19 1.87 3.97 Deep None 58.0 27 
79 Valley Bare Heavy No 0.6 60.0 21 1.65 3.50 Medium None 44.5 40 
82 Valley Bare Heavy No 0.5 52.0 18 1.65 4.25 Shallow Pushout 123.0 25 
84 Ridgetop Bare Heavy No 1.0 98.0 18 1.60 5.97 Shallow Pushout 101.0 32 
87 Ridgetop Bare Heavy No 0.1 64.0 6 1.85 3.35 None None 0.0 n.d.  
90 Ridgetop Bare Heavy No 0.3 46.0 18 2.05 5.10 Shallow Pushout 31 25 
93 Ridgetop Bare Heavy No 0.0 103.0 8 1.93 4.27 None None 10.0 24 
96 Ridgetop Bare Heavy No 0.0 92.0 6 1.80 3.63 None None 14 24 
99 Ridgetop Bare Heavy No 0.0 20.0 5 1.80 4.70 None Pushout 9 21 

102 Midslope Bare Heavy No 0.1 49.0 9 1.80 5.05 None None 0 n.d.  
105 Midslope Bare Heavy No 1.5 41.0 22 1.80 6.25 Medium Pushout 28 42 
108 Ridgetop Bare Heavy No 0.0 79 6 2.70 4.20 None Pushout 36 26 
111 Midslope Bare Heavy No 0.4 96.0 17 1.60 3.85 Shallow Pushout 146 22 
114 Midslope Bare Heavy No 0.1 13.0 11 1.70 3.60 None Pushout 7 18 
117 Midslope Bare Heavy No 0.6 61 15 1.55 4.35 Shallow None 20.5 20 
120 Midslope Bare Heavy No 0.5 65.0 19 1.80 4.40 Medium Pushout 32.5 17 
123 Midslope Bare Heavy No 0.6 49 12 1.75 4.35 Shallow None 12.5 22 
126 Midslope Bare Heavy No 0.4 14.0 11 1.70 3.80 Shallow None 19.5 29 
129 Ridgetop Bare Heavy No 0.0 46 9 1.70 3.70 Shallow Pushout 20 22 
132 Ridgetop Bare Heavy No 0.2 39 12 1.65 3.65 Shallow None 22 25 
135 Ridgetop Bare Heavy No 0.1 23 7 2.00 4.70 None Pushout 8.5 10 
138 Ridgetop Bare Heavy No 0.4 84 15 1.95 4.05 Medium None 29 23 
141 Midslope Bare Heavy No 0.4 48 17 1.90 4.35 Shallow Pushout 159 14 
144 Midslope Bare Heavy No 0.4 52 15 2.40 5.50 Medium Pushout 116 23 
147 Ridgetop Bare Heavy No 0.5 70 14 2.60 7.05 Medium None 154 23 
150 Midslope Bare Heavy No 1.4 101 23 1.73 5.73 Deep None 16 29 
153 Midslope Bare Heavy No 1.4 13 24 1.60 6.00 Medium None 10 41 
156 Valley Bare Heavy No 0.6 102 19 2.20 5.90 Deep None n.d.  n.d. 
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Appendix VI.H. (continued). 
 

      Outlet rill     

Seg. no. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

1 Low Plume     3   
4 Medium Plume     3 Monitoring segment NDL #1. 
7 Medium Plume     3   
10 Medium Plume     3   
13 Medium Plume     3   
16 Low Plume     3 Monitoring segment NDL #3. 
19 Low Plume     3   
22 Medium Plume     2   
25 high Plume     2   
28 Low Outlet rill 0.30 0.10 3   
31 Medium Plume     2   
34 Medium Plume     2   
37 High Plume     2   
40   None     1   
43   None     1   
46 Medium Plume     2   
49 Low Plume     3   
52   None     1   
55   n.d.     4 Outlet is the stream. 
58 Medium Plume     4   
61 Medium Plume     4   
64 Medium Plume     2   
67 High Plume     2   
70 High Plume     2   
73 Medium Plume     4 Pushout extends to the stream. 
76 High Outlet rill 0.30 0.23 4   
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      Outlet rill     

Seg. no. Roughness 

Sediment 
plume/Outlet 

rill 
Width 
(m) 

Depth 
(m) 

Conn. 
class Notes 

79 Low Outlet rill 0.30 0.10 3   
82 Medium Outlet rill 0.88 0.53 3   
84 Low Plume     3   
87   None     1   
90 Medium Plume     3   
93   Outlet rill 0.25 0.05 2   
96 Low Plume     2   
99 Medium Plume     2   

102   None     1   
105 Medium Plume     3   
108 Low Outlet rill 0.40 0.09 3   
111 Medium Plume     3   
114 Low Plume     2   
117 Medium Plume     3   
120 High Plume     3   
123 Medium Plume     2   
126 Medium Plume     2   
129 Low Plume     3   
132 Medium Plume     3   
135 Low Plume     2   
138 Low Outlet rill 0.25 0.07 3   
141 Medium Plume     3   
144 Low Outlet rill 0.34 0.11 3   
147 Low Outlet rill 0.44 0.09 3   
150 Low Outlet rill 0.60 0.27 4   
153 Low Outlet rill 0.30 0.12 4   
156   n.d.     4 Outlet is Sugar Creek. 
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Introduction 
The Forest Service transportation system is very large with 374,883 miles (603,316 km) of 
system roads and 143,346 miles (230,693 km) of system trails.  The system extends broadly 
across every national forest and grasslands and through a variety of habitats, ecosystems and 
terrains.  An impressive body of scientific literature exists addressing the various effects of roads 
on the physical, biological and cultural environment – so much so, in the last few decades a new 
field of “road ecology” has emerged.  In recent years, the scientific literature has expanded to 
address the effects of roads on climate change adaptation and conversely the effects of climate 
change on roads, as well as the effects of restoring lands occupied by roads on the physical, 
biological and cultural environments.   
 
The following literature review summarizes the most recent thinking related to the 
environmental impacts of forest roads and motorized routes and ways to address them. The 
literature review is divided into three sections that address the environmental effects of 
transportation infrastructure on forests, climate change and infrastructure, and creating 
sustainable forest transportation systems. 
 

I. Impacts of Transportation Infrastructure and Access to the Ecological Integrity of 
Terrestrial and Aquatic Ecosystems and Watersheds 

II. Climate Change and Transportation Infrastructure Including the Value of Roadless Areas 
for Climate Change Adaptation  

III. Sustainable Transportation Management in National Forests as Part of Ecological 
Restoration  

 
 

I. Impacts of Transportation Infrastructure and Access to the Ecological Integrity of 
Terrestrial and Aquatic Ecosystems and Watersheds 

It is well understood that transportation infrastructure and access management impact aquatic 
and terrestrial environments at multiple scales, and, in general, the more roads and motorized 
routes the greater the impact. In fact, in the past 20 years or so, scientists having realized the 
magnitude and breadth of ecological issues related to roads; entire books have been written on 
the topic, e.g., Forman et al. (2003), and a new scientific field called “road ecology” has 
emerged.  Road ecology research centers have been created including the Western 
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Transportation Institute at Montana State University and the Road Ecology Center at the 
University of California - Davis.1   
 
 
Below, we provide a summary of the current understanding on the impacts of roads and access 
allowed by road networks to terrestrial and aquatic ecosystems, drawing heavily on Gucinski et 
al. (2000).  Other notable recent peer-reviewed literature reviews on roads include Trombulak 
and Frissell (2000), Switalski et al. (2004), Coffin (2007), Fahrig and Rytwinski (2009), and 
Robinson et al. (2010).  Recent reviews on the impact of motorized recreation include Joslin and 
Youmans (1999), Gaines et al. (2003), Davenport and Switalski (2006), Ouren et al. (2007), and 
Switalski and Jones (2012).  These peer-reviewed summaries provide additional information to 
help managers develop more sustainable transportation systems 
 
Impact on geomorphology and hydrology 
The construction or presence of forest roads can dramatically change the hydrology and 
geomorphology of a forest system leading to reductions in the quantity and quality of aquatic 
habitat.  While there are several mechanisms that cause these impacts (Wemple et al. 2001 , 
Figure 1), most fundamentally, compacted roadbeds reduce rainfall infiltration, intercepting and 
concentrating water, and providing a ready source of sediment for transport (Wemple et al. 
1996, Wemple et al. 2001).  In fact, roads contribute more sediment to streams than any other 
land management activity (Gucinski et al. 2000).  Surface erosion rates from roads are typically 
at least an order of magnitude greater than rates from harvested areas, and three orders of 
magnitude greater than erosion rates from undisturbed forest soils (Endicott 2008). 
 
 

                                                           
1
 See http://www.westerntransportationinstitute.org/research/roadecology and 

http://roadecology.ucdavis.edu/ 
 
 

http://www.westerntransportationinstitute.org/research/roadecology
http://roadecology.ucdavis.edu/
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Figure 1: Typology of erosional and depositional features produced by mass-wasting and fluvial 
processes associate with forest roads (reprinted from Wemple et al. 2001) 

Erosion of sediment from roads occurs both chronically and catastrophically.  Every time it rains, 
sediment from the road surface and from cut- and fill-slopes is picked up by rainwater that flows 
into and on roads (fluvial erosion). The sediment that is entrained in surface flows are often 
concentrated into road ditches and culverts and directed into streams.  The degree of fluvial 
erosion varies by geology and geography, and increases with increased motorized use 
(Robichaud et al. 2010).  Closed roads produce less sediment, and Foltz et al. (2009) found a 
significant increase in erosion when closed roads were opened and driven upon.   

Roads also precipitate catastrophic failures of road beds and fills (mass wasting) during large 
storm events leading to massive slugs of sediment moving into waterways (Endicott 2008; 
Gucinski et al. 2000).  This typically occurs when culverts are undersized and cannot handle the 
volume of water, or they simply become plugged with debris.  The saturated roadbed can fail 
entirely and result in a landslide, or the blocked stream crossing can erode the entire fill down to 
the original stream channel.    

The erosion of road- and trail-related sediment and its subsequent movement into stream 
systems affects the geomorphology of the drainage system in a number of ways.  The magnitude 
of their effects varies by climate, geology, road age, construction / maintenance practices and 
storm history. It directly alters channel morphology by embedding larger gravels as well as filling 
pools. It can also have the opposite effect of increasing peak discharges and scouring channels, 
which can lead to disconnection of the channel and floodplain, and lowered base flows (Furniss 
et al. 1991; Joslin and Youmans 1999).  The width/depth ratio of the stream changes which then 
can trigger changes in water temperature, sinuosity and other geomorphic factors important for 
aquatic species survival (Joslin and Youmans 1999; Trombulak and Frissell 2000).   
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Roads also can modify flowpaths in the larger drainage network. Roads intercept subsurface 
flow as well as concentrate surface flow, which results in new flowpaths that otherwise would 
not exist, and the extension of the drainage network into previously unchannelized portions of 
the hillslope (Gucinski et al. 2000; Joslin and Youmans 1999).  Severe aggradation of sediment at 
stream structures or confluences can force streams to actually go subsurface or make them too 
shallow for fish passage (Endicott 2008; Furniss et al. 1991). 

Impacts on aquatic habitat and fish 
Roads can have dramatic and lasting impacts on fish and aquatic habitat.  Increased 
sedimentation in stream beds has been linked to decreased fry emergence, decreased juvenile 
densities, loss of winter carrying capacity, and increased predation of fishes, and reductions in 
macro-invertebrate populations that are a food source to many fish species (Rhodes et al. 1994, 
Joslin and Youmans 1999, Gucinski et al. 2000, Endicott 2008).  On a landscape scale, these 
effects can add up to:  changes in the frequency, timing and magnitude of disturbance to 
aquatic habitat and changes to aquatic habitat structures (e.g., pools, riffles, spawning gravels 
and in-channel debris), and conditions (food sources, refugi, and water temperature) (Gucinski 
et al. 2000).   

Roads can also act as barriers to migration (Gucinski et al. 2000).  Where roads cross streams, 
road engineers usually place culverts or bridges.  Culverts in particular can and often interfere 
with sediment transport and channel processes such that the road/stream crossing becomes a 
barrier for fish and aquatic species movement up and down stream. For instance, a culvert may 
scour on the downstream side of the crossing, actually forming a waterfall up which fish cannot 
move.  Undersized culverts and bridges can infringe upon the channel or floodplain and trap 
sediment causing the stream to become too shallow and/or warm such that fish will not migrate 
past the structure.  This is problematic for many aquatic species but especially for anadromous 
species that must migrate upstream to spawn.  Well-known native aquatic species affected by 
roads include salmon such as coho (Oncorhynchus kisutch), chinook (O. tshawytscha), and chum 
(O. keta); steelhead (O. mykiss); and a variety of trout species including bull trout (Salvelinus 
confluentus) and cutthroat trout (O. clarki), as well as other native fishes and amphibians 
(Endicott 2008). 
 
Impacts on terrestrial habitat and wildlife 
Roads and trails impact wildlife through a number of mechanisms including:  direct mortality (poaching, 
hunting/trapping) changes in movement and habitat use patterns (disturbance/avoidance), as well as 
indirect impacts including alteration of the adjacent habitat and interference with predatory/prey 
relationships (Wisdom et al. 2000, Trombulak and Frissell 2000). Some of these impacts result from the 
road itself, and some result from the uses on and around the roads (access).  Ultimately, roads have 
been found to reduce the abundance and distribution of several forest species (Fayrig and Ritwinski 
2009, Benítez-López et al. 2010). 
 
 
Table 1: Road- and recreation trail-associated factors for wide-ranging carnivores (Reprinted 
from Gaines et al. (2003)2   
 

                                                           
2
 For a list of citations see Gaines et al. (2003)  
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Focal  Road-associated  Motorized trail-  Nonmotorized trail-  

species  factors  associated factors  associated factors  

Grizzly bear Poaching Poaching Poaching 

 
Collisions  Negative human interactions Negative human interactions 

 
Negative human interactions Displacement or avoidance Displacement or avoidance 

 
Displacement or avoidance 

  Lynx Down log reduction Disturbance at a specific site  Disturbance at a specific site  

 
Trapping  Trapping    

 
Collisions  

  

 
Disturbance at a specific site  

  Gray wolf Trapping  Trapping  Trapping  

 
Poaching Disturbance at a specific site  Disturbance at a specific site  

 
Collisions      

 
Negative human interactions 

  

 
Disturbance at a specific site  

  

 
Displacement or avoidance 

  Wolverine Down log reduction Trapping  Trapping  

 
Trapping  Disturbance at a specific site  Disturbance at a specific site  

 
Disturbance at a specific site      

 
Collisions  

  

Direct mortality and disturbance from road and trail use impacts many different types of 
species.  For example, wide-ranging carnivores can be significantly impacted by a number of 
factors including trapping, poaching, collisions, negative human interactions, disturbance and 
displacement (Gaines et al. 2003, Table 1).  Hunted game species such as elk (Cervus 
canadensis), become more vulnerable from access allowed by roads and motorized trails 
resulting in a reduction in effective habitat among other impacts (Rowland et al. 2005, Switalski 
and Jones 2012).  Slow-moving migratory animals such as amphibians, and reptiles who use 
roads to regulate temperature are also vulnerable (Gucinski et al. 2000, Brehme et al. 2013).   
 
Habitat alteration is a significant consequence of roads as well. At the landscape scale, roads 
fragment habitat blocks into smaller patches that may not be able to support successfully 
interior forest species. Smaller habitat patches also results in diminished genetic variability, 
increased inbreeding, and at times local extinctions (Gucinski et al. 2000; Trombulak and Frissell 
2000).  Roads also change the composition and structure of ecosystems along buffer zones, 
called edge-affected zones. The width of edge-affected zones varies by what metric is being 
discussed; however, researchers have documented road-avoidance zones a kilometer or more 
away from a road (Table 2).  In heavily roaded landscapes, edge-affected acres can be a 
significant fraction of total acres.  For example, in a landscape area where the road density is 3 
mi/mi2 (not an uncommon road density in national forests) and where the edge-affected zone is 
estimated to be 500 ft from the center of the road to each side, the edge-affected zone is 56% 
of the total acreage.   
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Table 2: A summary of some documented road-avoidance zones for various species (adapted 
from Robinson et al. 2010).  

 Avoidance zone   

Species  m (ft)  Type of disturbance  Reference  

Snakes  650 (2133) Forestry roads  Bowles (1997)  

Salamander  35 (115) Narrow forestry road, light traffic Semlitsch (2003)  

Woodland birds  150 (492) Unpaved roads  Ortega and Capen (2002)  

Spotted owl  400 (1312) Forestry roads, light traffic  Wasser et al. (1997)  

Marten  <100 (<328) Any forest opening  Hargis et al. (1999)  

Elk  500–1000 (1640-3281) Logging roads, light traffic  Edge and Marcum (1985)  

 
100–300 (328-984) Mountain roads depending on  Rost and Bailey (1979)  

  
traffic volume  

 Grizzly bear 3000 (9840) Fall  Mattson et al. (1996)  

 
500 (1640) Spring and summer  

 

 
883 (2897) Heavily traveled trail  Kasworm and Manley (1990)  

 
274 (899) Lightly traveled trail  

 

 
1122 (3681) Open road  Kasworm and Manley (1990)  

 
665 (2182) Closed road  

 Black bear  274 (899) Spring, unpaved roads  Kasworm and Manley (1990)  

 
914 (2999) Fall, unpaved roads  

  
Roads and trails also affect ecosystems and habitats because they are also a major vector of 
non-native plant and animal species. This can have significant ecological and economic impacts 
when the invading species are aggressive and can overwhelm or significantly alter native species 
and systems. In addition, roads can increase harassment, poaching and collisions with vehicles, 
all of which lead to stress or mortality (Wisdom et al. 2000). 
 
Recent reviews have synthesized the impacts of roads on animal abundance and distribution.  
Fahrig and Rytwinski (2009) did a complete review of the empirical literature on effects of roads 
and traffic on animal abundance and distribution looking at 79 studies that addressed 131 
species and 30 species groups. They found that the number of documented negative effects of 
roads on animal abundance outnumbered the number of positive effects by a factor of 5. 
Amphibians, reptiles, most birds tended to show negative effects. Small mammals generally 
showed either positive effects or no effect, mid-sized mammals showed either negative effects 
or no effect, and large mammals showed predominantly negative effects.  Benítez-López et al. 
(2010) conducted a meta-analysis on the effects of roads and infrastructure proximity on 
mammal and bird populations.  They found a significant pattern of avoidance and a reduction in 
bird and mammal populations in the vicinity of infrastructure.     
 
Road density3 thresholds for fish and wildlife 
                                                           
3
 We intend the term “road density” to refer to the density all roads within national forests, including 

system roads, closed roads, non-system roads administered by other jurisdictions (private, county, state), 
temporary roads and motorized trails. Please see Attachment 2 for the relevant existing scientific 
information supporting this approach.   
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It is well documented that beyond specific road density thresholds, certain species will be 
negatively affected, and some will be extirpated. Most studies that look into the relationship 
between road density and wildlife focus on the impacts to large endangered carnivores or 
hunted game species, although high road densities certainly affect other species – for instance, 
reptiles and amphibians. Gray wolves (Canis lupus) in the Great Lakes region and elk in Montana 
and Idaho have undergone the most long-term and in depth analysis. Forman and Hersperger 
(1996) found that in order to maintain a naturally functioning landscape with sustained 
populations of large mammals, road density must be below 0.6 km/km² (1.0 mi/mi²). Several 
studies have since substantiated their claim (Robinson et al. 2010, Table 3).  

A number of studies at broad scales have also shown that higher road densities generally lead to 
greater impacts to aquatic habitats and fish density (Table 3).  Carnefix and Frissell (2009) provide a 
concise review of studies that correlate cold water fish abundance and road density, and from the 
cited evidence concluded that “1) no truly “safe” threshold road density exists, but rather negative 
impacts begin to accrue and be expressed with incursion of the very first road segment; and 2) highly 
significant impacts (e.g., threat of extirpation of sensitive species) are already apparent at road 
densities on the order of 0.6 km/km2 (1.0 mi/mi²)  or less” (p. 1). 

Table 3: A summary of some road-density thresholds and correlations for terrestrial and aquatic 
species and ecosystems (reprinted from Robinson et al. 2010). 

Species (Location) Road density (mean, guideline, threshold, correlation) Reference 

Wolf (Minnesota)  0.36 km/km2 (mean road density in primary range);  Mech et al. (1988)  

 
0.54 km/km

2
 (mean road density in peripheral range)  

 Wolf  >0.6 km/km
2
 (absent at this density)  Jalkotzy et al. (1997)  

Wolf (Northern Great Lakes re- >0.45 km/km
2
 (few packs exist above this threshold);  Mladenoff et al. (1995)  

gion)  >1.0 km/km
2
 (no pack exist above this threshold)  

 Wolf (Wisconsin)  0.63 km/km
2 

(increasing due to greater human tolerance Wydeven et al. (2001)  

Wolf, mountain lion (Minne- 0.6 km/km
2
 (apparent threshold value for a naturally  Thiel (1985); van Dyke et  

sota, Wisconsin, Michigan)  functioning landscape containing sustained popula- al. (1986); Jensen et al.  

 
tions)  (1986); Mech et al.  

  
(1988); Mech (1989)  

Elk (Idaho)  1.9 km/km
2
 (density standard for habitat effectiveness)  Woodley 2000 cited in  

  
Beazley et al. 2004  

Elk (Northern US)  1.24 km/km
2
 (habitat effectiveness decline by at least  Lyon (1983)  

 
50%)  

 Elk, bear, wolverine, lynx, and  0.63 km/km
2
 (reduced habitat security and increased  Wisdom et al. (2000)  

others  mortality)  
 Moose (Ontario) 0.2-0.4 km/km2 (threshold for pronounced response)    Beyer et al. (2013) 

Grizzly bear (Montana)  >0.6 km/km
2 

 Mace et al. (1996); Matt- 

  
son et al. (1996)  

Black bear (North Carolina)  >1.25 km/km
2
 (open roads); >0.5 km/km2 (logging  Brody and Pelton (1989)  

 
roads); (interference with use of habitat)  

 Black bear  0.25 km/km
2
 (road density should not exceed)  Jalkotzy et al. (1997)  

Bobcat (Wisconsin)  1.5 km/km
2
 (density of all road types in home range)  Jalkotzy et al. (1997)  
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Large mammals  >0.6 km/km
2 

(apparent threshold value for a naturally  Forman and Hersperger  

 
functioning landscape containing sustained popula- (1996) 

 
tions)  

 Bull trout (Montana)  Inverse relationship of population and road density  Rieman et al. (1997); Baxter 

  
et al. (1999)  

Fish populations (Medicine Bow  (1) Positive correlation of numbers of culverts and  Eaglin and Hubert (1993)  

National Forest)  stream crossings and amount of fine sediment in  cited in Gucinski et al.  

 
stream channels  (2001) 

 
(2) Negative correlation of fish density and numbers of  

 

 
culverts  

 Macroinvertebrates  Species richness negatively correlated with an index of  McGurk and Fong (1995)  

 
road density  

 Non-anadromous salmonids  (1) Negative correlation likelihood of spawning and  Lee et al. (1997)  

(Upper Columbia River basin)  rearing and road density  
 

 
(2) Negative correlation of fish density and road density  

  
Where both stream and road densities are high, the incidence of connections between roads and 
streams can also be expected to be high, resulting in more common and pronounced effects of roads 
on streams (Gucinski et al. 2000).  For example, a study on the Medicine Bow National Forest (WY) 
found as the number of culverts and stream crossings increased, so did the amount of sediment in 
stream channels (Eaglin and Hubert 1993).  They also found a negative correlation with fish density 
and the number of culverts.  Invertebrate communities can also be impacted.  McGurk and Fong 
(1995) report a negative correlation between an index of road density with macroinvertebrate 
diversity.   
 
The U.S. Fish and Wildlife Service’s Final Rule listing bull trout as threatened (USDI Fish and Wildlife 
Service 1999) addressed road density, stating: 

“… assessment of the interior Columbia Basin ecosystem revealed that increasing road densities 
were associated with declines in four non-anadromous salmonid species (bull trout, Yellowstone 
cutthroat trout, westslope cutthroat trout, and redband trout) within the Columbia River Basin, 
likely through a variety of factors associated with roads (Quigley & Arbelbide 1997). Bull trout 
were less likely to use highly roaded basins for spawning and rearing, and if present, were likely 
to be at lower population levels (Quigley and Arbelbide 1997). Quigley et al. (1996) 
demonstrated that when average road densities were between 0.4 to 1.1 km/km

2
 (0.7 and 1.7 

mi/mi
2
) on USFS lands, the proportion of subwatersheds supporting “strong” populations of key 

salmonids dropped substantially. Higher road densities were associated with further declines” 
(USDI Fish and Wildlife Service 1999, p. 58922). 

 
Anderson et al. (2012) also showed that watershed conditions tend to be best in areas protected from 
road construction and development. Using the US Forest Service’s Watershed Condition Framework 
assessment data, they showed that National Forest lands that are protected under the Wilderness Act, 
which provides the strongest safeguards, tend to have the healthiest watersheds. Watersheds in 
Inventoried Roadless Areas – which are protected from road building and logging by the Roadless Area 
Conservation Rule – tend to be less healthy than watersheds in designated Wilderness, but they are 
considerably healthier than watersheds in the managed landscape. 
 
 



9 

 

Impacts on other resources 
Roads and motorized trails also play a role in affecting wildfire occurrence. Research shows 
that human-ignited wildfires, which account for more than 90% of fires on national lands, is 
almost five times more likely in areas with roads (USDA Forest Service 1996a; USDA Forest 
Service 1998).  Furthermore, Baxter (2002) found that off-road vehicles (ORVs) can be a 
significant source of fire ignitions on forestlands.  Roads can affect where and how forests burn 
and, by extension, the vegetative condition of the forest.  See Attachment 1 for more 
information documenting the relationship between roads and wildfire occurrence.    
 
Finally, access allowed by roads and trails can increase of ORV and motorized use in remote 
areas threatening archaeological and historic sites.  Increased visitation has resulted in 
intentional and unintentional damage to many cultural sites (USDI Bureau of Land 
Management 2000, Schiffman 2005).   
 
 
 

II. Climate Change and Transportation Infrastructure including the value of roadless 
areas for climate change adaptation  

As climate change impacts grow more profound, forest managers must consider the impacts on 
the transportation system as well as from the transportation system.  In terms of the former, 
changes in precipitation and hydrologic patterns will strain infrastructure at times to the 
breaking point resulting in damage to streams, fish habitat, and water quality as well as threats 
to public safety. In terms of the latter, the fragmenting effect of roads on habitat will impede 
the movement of species which is a fundamental element of adaptation.  Through planning, 
forest managers can proactively address threats to infrastructure, and can actually enhance 
forest resilience by removing unneeded roads to create larger patches of connected habitat.  
 
Impact of climate change and roads on transportation infrastructure 
It is expected that climate change will be responsible for more extreme weather events, leading 
to increasing flood severity, more frequent landslides, changing hydrographs (peak, annual 
mean flows, etc.), and changes in erosion and sedimentation rates and delivery processes. 
Roads and trails in national forests, if designed by an engineering standard at all, were designed 
for storms and water flows typical of past decades, and hence may not be designed for the 
storms in future decades.  Hence, climate driven changes may cause transportation 
infrastructure to malfunction or fail (ASHTO 2012, USDA Forest Service 2010). The likelihood is 
higher for facilities in high-risk settings—such as rain-on-snow zones, coastal areas, and 
landscapes with unstable geology (USDA Forest Service 2010).  
 
Forests fragmented by roads will likely demonstrate less resistance and resilience to stressors, 
like those associated with climate change (Noss 2001).  First, the more a forest is fragmented 
(and therefore the higher the edge/interior ratio), the more the forest loses its inertia 
characteristic, and becoming less resilient and resistant to climate change. Second, the more a 
forest is fragmented characterized by isolated patches, the more likely the fragmentation will 
interfere with the ability of species to track shifting climatic conditions over time and space.  
Noss (2001) predicts that weedy species with effective dispersal mechanisms might benefit from 
fragmentation at the expense of native species.  
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Modifying infrastructure to increase resilience 
To prevent or reduce road failures, culvert blow-outs, and other associated hazards, forest 
managers will need to take a series of actions. These include replacing undersized culverts with 
larger ones, prioritizing maintenance and upgrades (e.g., installing drivable dips and more 
outflow structures), and obliterating roads that are no longer needed and pose erosion hazards 
(USDA Forest Service 2010, USDA Forest Service 2012a, USDA Forest Service 2011, Table 4).  
 
Olympic National Forest has developed a number of documents oriented at oriented at 
protecting watershed health and species in the face of climate change, including a 2003 travel 
management strategy and a report entitled Adapting to Climate Change in Olympic National 
Park and National Forest. In the travel management strategy, Olympic National Forest 
recommended that 1/3rd of its road system be decommissioned and obliterated (USDA Forest 
Service 2011a). In addition, the plan called for addressing fish migration barriers in a prioritized 
and strategic way – most of these are associated with roads.  The report calls for road 
decommissioning, relocation of roads away from streams, enlarging culverts as well as replacing 
culverts with fish-friendly crossings (USDA Forest Service 2011a, Table 4).  
Table 4: Current and expected sensitivities of fish to climate change on the Olympic Peninsula, 
associated adaptation strategies and action for fisheries and fish habitat management and 
relevant to transportation management at Olympic National Forest and Olympic National Park 
(excerpt reprinted from USDA Forest Service 2011a). 
 

Current and expected sensitivites Adaptation strategies and actions 

Changes in habitat quantity and quality • Implement habitat restoration projects that focus on re-creating 

        watershed processes and functions and that create diverse, 

        resilient habitat. 

Increase in culvert failures, fill-slope failures, • Decommission unneeded roads. 

  stream adjacent road failures, and encroach- • Remove sidecast, improve drainage, and increase culvert sizing  

  ment from stream-adjacent road segments       on remaining roads. 

 • Relocate stream-adjacent roads. 

Greater difficulty disconnecting roads from • Design more resilient stream crossing structures. 

  stream channels  

Major changes in quantity and timing of • Make road and culvert designs more conservative in transitional 

  streamflow in transitional watersheds          watersheds to accommodate expected changes. 

Decrease in area of headwater streams • Continue to correct culvert fish passage barriers. 

 • Consider re-prioritizing culvert fish barrier correction projects. 

Decrease in habitat quantity and connectivity • Restore habitat in degraded headwater streams that are  

  for species that use headwater streams        expected to retain adequate summer streamflow (ONF). 

  

 
In December 2012, the USDA Forest Service published a report entitled “Assessing the 
Vulnerability of Watersheds to Climate Change.” This document reinforces the concept 
expressed by Olympic National Forest that forest managers need to be proactive in reducing 
erosion potential from roads: 
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“Road improvements were identified as a key action to improve condition and resilience of 
watersheds on all the pilot Forests. In addition to treatments that reduce erosion, road 
improvements can reduce the delivery of runoff from road segments to channels, prevent 
diversion of flow during large events, and restore aquatic habitat connectivity by providing for 
passage of aquatic organisms. As stated previously, watershed sensitivity is determined by both 
inherent and management-related factors. Managers have no control over the inherent factors, 
so to improve resilience, efforts must be directed at anthropogenic influences such as instream 
flows, roads, rangeland, and vegetation management…. 

 
[Watershed Vulnerability Analysis] results can also help guide implementation of travel 
management planning by informing priority setting for decommissioning roads and road 
reconstruction/maintenance. As with the Ouachita NF example, disconnecting roads from the 
stream network is a key objective of such work. Similarly, WVA analysis could also help prioritize 
aquatic organism passage projects at road-stream crossings to allow migration by aquatic 
residents to suitable habitat as streamflow and temperatures change” (USDA Forest Service 
2012a, p. 22-23). 

 
Reducing fragmentation to enhance aquatic and terrestrial species adaptation 
Decommissioning and upgrading roads and thus reducing the amount of fine sediment 
deposited on salmonid nests can increase the likelihood of egg survival and spawning success 
(McCaffery et al. 2007).  In addition, this would reconnect stream channels and remove barriers 
such as culverts.  Decommissioning roads in riparian areas may provide further benefits to 
salmon and other aquatic organisms by permitting reestablishment of streamside vegetation, 
which provides shade and maintains a cooler, more moderated microclimate over the stream 
(Battin et al. 2007). 
 
One of the most well documented impacts of climate change on wildlife is a shift in the ranges 
of species (Parmesan 2006).  As animals migrate, landscape connectivity will be increasingly 
important (Holman et al. 2005).  Decommissioning roads in key wildlife corridors will improve 
connectivity and be an important mitigation measure to increase resiliency of wildlife to climate 
change.  For wildlife, road decommissioning can reduce the many stressors associated with 
roads.  Road decommissioning restores habitat by providing security and food such as grasses 
and fruiting shrubs for wildlife (Switalski and Nelson 2011).    
 
Forests fragmented by roads and motorized trail networks will likely demonstrate less resistance 
and resilience to stressors, such as weeds.  As a forest is fragmented and there is more edge 
habitat, Noss (2001) predicts that weedy species with effective dispersal mechanisms will 
increasingly benefit at the expense of native species.  However, decommissioned roads when 
seeded with native species can reduce the spread of invasive species (Grant et al. 2011), and 
help restore fragmented forestlands.  Off-road vehicles with large knobby tires and large 
undercarriages are also a key vector for weed spread (e.g., Rooney 2006).  Strategically closing 
and decommissioning motorized routes, especially in roadless areas, will reduce the spread of 
weeds on forestlands (Gelbard and Harrison 2003). 
 
Transportation infrastructure and carbon sequestration 
The topic of the relationship of road restoration and carbon has only recently been explored. 
There is the potential for large amounts of carbon (C) to be sequestered by reclaiming roads. 
When roads are decompacted during reclamation, vegetation and soils can develop more 
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rapidly and sequester large amounts of carbon.  A recent study estimated total soil C storage 
increased 6 fold to 6.5 x 107g C/km (to 25 cm depth) in the northwestern US compared to 
untreated abandoned roads (Lloyd et al. 2013).  Another recent study concluded that reclaiming 
425 km of logging roads over the last 30 years in Redwood National Park in Northern California 
resulted in net carbon savings of 49,000 Mg carbon to date (Madej et al. 2013, Table 5).  
 
Kerekvliet et al. (2008) published a Wilderness Society briefing memo on the impact to carbon 
sequestration from road decommissioning. Using Forest Service estimates of the fraction of 
road miles that are unneeded, the authors calculated that restoring 126,000 miles of roads to a 
natural state would be equivalent to revegetating an area larger than Rhode Island. In addition, 
they calculate that the net economic benefit of road treatments are always positive and range 
from US$0.925-1.444 billion.   
 
 
 
 
Table 5. Carbon budget implications in road decommissioning projects (reprinted from Madej et 
al. 2013). 
 

Road Decommissioning Activities and Processes Carbon Cost Carbon Savings  

Transportation of staff to restoration sites (fuel emissions) X 
 Use of heavy equipment in excavations (fuel emissions) X 
 Cutting trees along road alignment during hillslope recontouring X 
 Excavation of road fill from stream crossings 

 
X 

Removal of road fill from unstable locations 
 

X 

Reduces risk of mass movement  
 

X 

Post-restoration channel erosion at excavation sites X 
 Natural revegetation following road decompaction 

 
X 

Replanting trees  
 

X 

Soil development following decompaction 
 

X 

 

 
Benefits of roadless areas and roadless area networks to climate change adaptation 
Undeveloped natural lands provide numerous ecological benefits. They contribute to 
biodiversity, enhance ecosystem representation, and facilitate connectivity (Loucks et al. 2003; 
Crist and Wilmer 2002, Wilcove 1990, The Wilderness Society 2004, Strittholt and Dellasala 
2001, DeVelice and Martin 2001), and provide high quality or undisturbed water, soil and air 
(Anderson et al. 2012, Dellasalla et al. 2011). They also can serve as ecological baselines to help 
us better understand our impacts to other landscapes, and contribute to landscape resilience to 
climate change.  

 
Forest Service roadless lands, in particular, are heralded for the conservation values they 
provide. These are described at length in the preamble of the Roadless Area Conservation Rule 
(RACR)4 as well as in the Final Environmental Impact Statement (FEIS) for the RACR5, and 

                                                           
4
 Federal Register .Vol. 66, No. 9. January 12, 2001. Pages 3245-3247. 
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include: high quality or undisturbed soil, water, and air; sources of public drinking water; 
diversity of plant and animal communities; habitat for threatened, endangered, proposed, 
candidate, and sensitive species and for those species dependent on large, undisturbed areas of 
land; primitive, semi-primitive non- motorized, and semi-primitive motorized classes of 
dispersed recreation; reference landscapes; natural appearing landscapes with high scenic 
quality; traditional cultural properties and sacred sites; and other locally identified unique 
characteristics (e.g., include uncommon geological formations, unique wetland complexes, 
exceptional hunting and fishing opportunities).  
 
The Forest Service, National Park Service, and US Fish and Wildlife Service recognize that 
protecting and connecting roadless or lightly roaded areas is an important action agencies can 
take to enhance climate change adaptation. For example, the Forest Service National Roadmap 
for Responding to Climate Change (USDA Forest Service 2011b) establishes that increasing 
connectivity and reducing fragmentation are short and long term actions the Forest Service 
should take to facilitate adaptation to climate change.6  The National Park Service also identifies 
connectivity as a key factor for climate change adaptation along with establishing “blocks of 
natural landscape large enough to be resilient to large-scale disturbances and long-term 
changes” and other factors.  The agency states that:  “The success of adaptation strategies will 
be enhanced by taking a broad approach that identifies connections and barriers across the 
landscape. Networks of protected areas within a larger mixed landscape can provide the highest 
level of resilience to climate change.”7 Similarly, the National Fish, Wildlife and Plants Climate 
Adaptation Partnership’s Adaptation Strategy (2012) calls for creating an ecologically-connected 
network of conservation areas.8  

                                                                                                                                                                             
5
 Final Environmental Impact Statement, Vol. 1, 3–3 to 3–7 

6
 Forest Service, 2011.  National Roadmap for Responding to Climate Change. US Department of 

Agriculture. FS-957b. Page 26. 
7
 National Park Service. Climate Change Response Program Brief. 

http://www.nature.nps.gov/climatechange/adaptationplanning.cfm. Also see:  National Park Service, 
2010. Climate Change Response Strategy. 
http://www.nature.nps.gov/climatechange/docs/NPS_CCRS.pdf. Objective 6.3 is to “Collaborate to 
develop cross-jurisdictional conservation plans to protect and restore connectivity and other landscape-
scale components of resilience.” 
8
 See http://www.wildlifeadaptationstrategy.gov/pdf/NFWPCAS-Chapter-3.pdf. Pages 55- 59.  The first 

goal and related strategies are:   

Goal 1: Conserve habitat to support healthy fish, wildlife, and plant populations and ecosystem 
functions in a changing climate.  

Strategy 1.1: identify areas for an ecologically-connected network of terrestrial, freshwater, 
coastal, and marine conservation areas that are likely to be resilient to climate change and to 
support a broad range of fish, wildlife, and plants under changed conditions.  

Strategy 1.2: Secure appropriate conservation status on areas identified in Strategy 1.1 to 
complete an ecologically-connected network of public and private conservation areas that will be 
resilient to climate change and support a broad range of species under changed conditions.  

Strategy 1.4: Conserve, restore, and as appropriate and practicable, establish new ecological 
connections among conservation areas to facilitate fish, wildlife, and plant migration, range 
shifts, and other transitions caused by climate change.  

 

http://www.nature.nps.gov/climatechange/adaptationplanning.cfm
http://www.nature.nps.gov/climatechange/docs/NPS_CCRS.pdf
http://www.wildlifeadaptationstrategy.gov/pdf/NFWPCAS-Chapter-3.pdf
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Crist and Wilmer (2002) looked at the ecological value of roadless lands in the Northern Rockies 
and found that protection of national forest roadless areas, when added to existing federal 
conservation lands in the study area, would 1) increase the representation of virtually all land 
cover types on conservation lands at both the regional and ecosystem scales, some by more 
than 100%; 2) help protect rare, species-rich, and often-declining vegetation communities; and 
3) connect conservation units to create bigger and more cohesive habitat “patches.” 
 
Roadless lands also are responsible for higher quality water and watersheds.  Anderson et al. 
(2012) assessed the relationship of watershed condition and land management status and found 
a strong spatial association between watershed health and protective designations. Dellasalla et 
al. (2011) found that undeveloped and roadless watersheds are important for supplying 
downstream users with high-quality drinking water, and developing these watersheds comes at 
significant costs associated with declining water quality and availability. The authors 
recommend a light-touch ecological footprint to sustain the many values that derive from 
roadless areas including healthy watersheds.     
 

III. Sustainable Transportation Management in National Forests as Part of Ecological 
Restoration 

At 375,000 miles strong, the Forest Service road system is one of the largest in the world – it is 
eight times the size of the National Highway System.  It is also indisputably unsustainable – that 
is, roads are not designed, located, or maintained according to best management practices, and 
environmental impacts are not minimized. It is largely recognized that forest roads, especially 
unpaved ones, are a primary source of sediment pollution to surface waters (Endicott 2008, 
Gucinski et al. 2000), and that the system has about 1/3rd more miles than it needs (USDA Forest 
Service 2001).  In addition, the majority of the roads were constructed decades ago when road 
design and management techniques did not meet current standards (Gucinski et al. 2000, 
Endicott 2008), making them more vulnerable to erosion and decay than if they had been 
designed today. Road densities in national forests often exceed accepted thresholds for wildlife.  
 
Only a small portion of the road system is regularly used.  All but 18% of the road system is 
inaccessible to passenger vehicles. Fifty-five percent of the roads are accessible only by high 
clearance vehicles and 27% are closed.   The 18% that is accessible to cars is used for about 80% 
of the trips made within National Forests.9  Most of the road maintenance funding is directed to 
the passenger car roads, while the remaining roads suffer from neglect.  As a result, the Forest 
Service currently has a $3.7 billion road maintenance backlog that grows every year.  In other 
words, only about 1/5th of the roads in the national forest system are used most of the time, 
and the fraction that is used often is the best designed and maintained because they are higher 
level access roads.  The remaining roads sit generally unneeded and under-maintained – 
arguably a growing ecological and fiscal liability.  

Current Forest Service management direction is to identify and implement a sustainable 
transportation system.10 The challenge for forest managers is figuring out what is a sustainable 
road system and how to achieve it – a challenge that is exacerbated by climate change.  It is 

                                                           
9
 USDA Forest Service. Road Management Website Q&As. Available online at   

http://www.fs.fed.us/eng/road_mgt/qanda.shtml. 
10

 See Forest Service directive memo dated March 29, 2012 entitled “Travel Management, Implementation of 36 CFR, 
Part 202, Subpart A (36 CFR 212.5(b))” 

http://www.fs.fed.us/eng/road_mgt/qanda.shtml
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reasonable to define a sustainable transportation system as one where all the routes are 
constructed, located, and maintained with best management practices, and social and 
environmental impacts are minimized. This, of course, is easier said than done, since the reality 
is that even the best roads and trail networks can be problematic simply because they exist and 
usher in land uses that without the access would not occur (Trombulak and Frissell 2000, 
Carnefix and Frissell 2009, USDA Forest Service 1996b), and when they are not maintained to 
the designed level they result in environmental problems (Endicott 2008; Gucinski et al. 2000). 
Moreover, what was sustainable may no longer be sustainable under climate change since roads 
designed to meet older climate criteria may no longer hold up under new climate scenarios 
(USDA Forest Service 2010, USDA Forest Service 2011b, USDA Forest Service 2012a, AASHTO 
2012).   
 
Forest Service efforts to move toward a more sustainable transportation system 
The Forest Service has made efforts to make its transportation system more sustainable, but still 
has considerable work to do.  In 2001, the Forest Service tried to address the issue by 
promulgating the Roads Rule11 with the purpose of working toward a sustainable road system 
(USDA 2001). The Rule directed every national forest to identify a minimum necessary road 
system and identify unneeded roads for decommissioning.  To do this, the Forest Service 
developed the Roads Analysis Process (RAP), and published Gucinski et al. (2000) to provide the 
scientific foundation to complement the RAP.  In describing the RAP, Gucinski et al. (2000) 
writes: 
 

“Roads Analysis is intended to be an integrated, ecological, social, and economic approach to 
transportation planning. It uses a multiscale approach to ensure that the identified issues are 
examined in context. Roads Analysis is to be based on science. Analysts are expected to locate, 
correctly interpret, and use relevant existing scientific literature in the analysis, disclose any 
assumptions made during the analysis, and reveal the limitations of the information on which the 
analysis is based. The analysis methods and the report are to be subjected to critical technical review” 
(p. 10). 

 
Most national forests have completed RAPs, although most only looked at passenger vehicle 
roads which account for less than 20% of the system’s miles.  The Forest Service Washington 
Office in 2010 directed that forests complete a Travel Analysis Process (TAP) by the end of fiscal 
year 2015, which must address all roads and create a map and list of roads identifying which are 
likely needed and which are not.  Completed TAPs will provide a blueprint for future road 
decommissioning and management, they will not constitute compliance with the Roads Rule, 
which clearly requires the identification of the minimum roads system and roads for 
decommissioning.  Almost all forests have yet to comply with subpart A. 
 
The Forest Service in 2005 then tried to address the off-road portion of this issue by 
promulgating subpart B of the Travel Managemenr Rule,12 with the purpose of curbing the most 
serious impacts associated with off-road vehicle use.  Without a doubt, securing summer-time 
travel management plans was an important step to curbing the worst damage. However, much 
work remains to be done to approach sustainability, especially since many national forests used 
the travel management planning process to simply freeze the footprint of motorized routes, and 
did not try to re-design the system to make it more ecologically or socially sustainable.  Adams 

                                                           
11

 36 CFR 215 subpart A 
12

 36 CFR 212 subpart B 
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and McCool (2009) considered this question of how to achieve sustainable motorized recreation 
and concluded that: 
 

As the agencies move to revise [off-road vehicle] allocations, they need to clearly define how 
they intend to locate routes so as to minimize impacts to natural resources and other 
recreationists in accordance with Executive Order 11644....

13
 

 
…As they proceed with designation, the FS and BLM need to acknowledge that current 
allocations are the product of agency failure to act, not design. Ideally, ORV routes would be 
allocated as if the map were currently empty of ORV routes.  Reliance on the current baseline will 
encourage inefficient allocations that likely disproportionately impact natural resources and non-
motorized recreationists. While acknowledging existing use, the agencies need to do their best to 
imagine the best possible arrangement of ORV routes, rather than simply tinkering around the 
edges of the current allocations.

14
 

 
The Forest Service only now is contemplating addressing the winter portion of the issue, forced 
by a lawsuit challenging the Forest Service’s inadequate management of snowmobiles.  The 
agency is expected to issue a third rule in the fall of 2014 that will trigger winter travel 
management planning.   
 
Strategies for identifying a minimum road system and prioritizing restoration 
Transportation Management plays an integral role in the restoration of Forestlands.  Reclaiming 
and obliterating roads is key to developing a sustainable transportation system.  Numerous 
authors have suggested removing roads 1) to restore water quality and aquatic habitats Gucinski 
et al. 2000), and 2) to improve habitat security and restore terrestrial habitat (e.g., USDI USFWS 
1993, Hebblewhite et al. 2009).    
 
Creating a minimum road system through road removal will increase connectivity and decrease 
fragmentation across the entire forest system.  However, at a landscape scale, certain roads and 
road segments pose greater risks to terrestrial and aquatic integrity than others.  Hence, 
restoration strategies must focus on identifying and removing/mitigating the higher risk roads.  
Additionally, areas with the highest ecological values, such as being adjacent to a roadless area, 
may also be prioritized for restoration efforts.   Several methods have been developed to help 
prioritize road reclamation efforts including GIS-based tools and best management practices 
(BMPs).  It is our hope that even with limited resources, restoration efforts can be prioritized 
and a more sustainable transportation system created.   
 
GIS-based tools 

                                                           
13

 Recent court decisions have made it clear that the minimization requirements in the Executive Orders 
are not discretionary and that the Executive Orders are enforceable. See  

 Idaho Conservation League v. Guzman , 766 F. Supp. 2d 1056 (D. Idaho 2011) (Salmon-Challis 
National Forest TMP) . 

 The Wilderness Society v. U.S. Forest Service, CV 08-363 (D. Idaho 2012) (Sawtooth-Minidoka 
district National Forest TMP). 

 Central Sierra Environmental Resource Center v. US Forest Service, CV 10‐2172 (E.D. CA 2012) 
(Stanislaus National Forest TMP). 

 
14

 Page 105. 
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Girvetz and Shilling (2003) developed a novel and inexpensive way to analyze environmental 
impacts from road systems using the Ecosystem Management Decision Support program 
(EMDS).  EMDS was originally developed by the United States Forest Service, as a GIS-based 
decision support tool to conduct ecological analysis and planning (Reynolds 1999).  Working in 
conjunction with Tahoe National Forest managers, Girvetz and Shilling (2003) used spatial data 
on a number of aquatic and terrestrial variables and modeled the impact of the forest’s road 
network.  The network analysis showed that out of 8233 km of road analyzed, only 3483 km 
(42%) was needed to ensure current and future access to key points.  They found that the 
modified network had improved patch characteristics, such as significantly fewer “cherry stem” 
roads intruding into patches, and larger roadlessness.   
 
Shilling et al. (2012) later developed a recreational route optimization model using a similar 
methodology and with the goal of identifying a sustainable motorized transportation system for 
the Tahoe National Forest (Figure 2). Again using a variety of environmental factors, the model 
identified routes with high recreational benefits, lower conflict, lower maintenance and 
management requirements, and lower potential for environmental impact operating under the 
presumption that such routes would be more sustainable and preferable in the long term. The 
authors combined the impact and benefit analyses into a recreation system analysis “that was 
effectively a cost-benefit accounting, consistent with requirements of both the federal Travel 
Management Rule (TMR) and the National Environmental Policy Act” (p. 392).  
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Figure 2: A knowledge base of contributions of various environmental conditions to the concept 
‘‘environmental impact’’ [of motorized trails].  Rectangles indicate concepts, circles indicate 
Boolean logic operators, and rounded rectangles indicate sources of environmental data. 
(Reprinted from Shilling et al. 2012) 
 

 
The Wilderness Society in 2012 also developed a GIS decision support tool called “RoadRight” 
that identifies high risk road segments to a variety of forest resources including water, wildlife, 
and roadlessness (The Wilderness Society 2012, The Wilderness Society 2013). The GIS system is 
designed to provide information that will help forest planners identify and minimize road 
related environmental risks.  See the summary of and user guide for RoadRight that provides 
more information including where to access the open source software.15     

                                                           
15 The Wilderness Society, 2012. Rightsizing the National Forest Road System: A Decision Support Tool.   Available at 

http://www.landscapecollaborative.org/download/attachments/12747016/Road+decommissioning+model+-

overview+2012-02-29.pdf?version=1&modificationDate=1331595972330.  

The Wilderness Society, 2013.  
RoadRight: A Spatial Decision Support System to Prioritize Decommissioning and Repairing Roads in  

http://www.landscapecollaborative.org/download/attachments/12747016/Road+decommissioning+model+-overview+2012-02-29.pdf?version=1&modificationDate=1331595972330
http://www.landscapecollaborative.org/download/attachments/12747016/Road+decommissioning+model+-overview+2012-02-29.pdf?version=1&modificationDate=1331595972330
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Best management practices (BMPs) 
BMPs have also been developed to help create more sustainable transportation systems and 
identify restoration opportunities.  BMPs provide science-based criteria and standards that land 
managers follow in making and implementing decisions about human uses and projects that 
affect natural resources.  Several states have developed BMPs for road construction, 
maintenance and decommissioning practices (e.g., Logan 2001, Merrill and Cassaday 2003, 
USDA Forest Service 2012b).   
 
Recently, BMPs have been developed for addressing motorized recreation.  Switalski and Jones 
(2012) published, “Off-Road Vehicle Best Management Practices for Forestlands: A Review of 
Scientific Literature and Guidance for Managers.”  This document reviews the current literature 
on the environmental and social impacts of off-road vehicles (ORVs), and establishes a set of 
Best Management Practices (BMPs) for the planning and management of ORV routes on 
forestlands. The BMPs were designed to be used by land managers on all forestlands, and is 
consistent with current forest management policy and regulations.  They give guidance to 
transportation planners on where how to place ORV routes in areas where they will reduce use 
conflicts and cause as little harm to the environment as possible.  These BMPs also help guide 
managers on how to best remove and restore routes that are redundant or where there is an 
unacceptable environmental or social cost.   
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Roaded Forests Are at a Greater Risk of  

Experiencing Wildfires than Unroaded Forests 

 

• A wildland fire ignion is almost twice as likely to  occur in a  roaded area 

than in a roadless area. (USDA 2000, Table 3-18)  

• The locaon of large wildfires is o'en correlated with proximity to busy 

roads. (Sierra Nevada Ecosystem Project, 1996)  

• High road density increases the probability of fire occurrence due to hu-

man-caused ignions. (Hann, W.J., et al. 1997) 

• Unroaded areas have lower potenal for high-intensity fires than roaded 

areas because they are less prone to human-caused ignions. (DellaSala, 

et al. 1995) 

• The median size of large fires on naonal forests is greater outside of 

roadless  areas. (USDA 2000, Table 3-22) 

• A posive correlaon exists between lightning fire frequency and road 

density due to increased availability of flammable fine fuels near roads.

(Arien, M. Cecilia, et al. 2009)  

• Human caused wildfires are strongly associated with access to natural 

landscapes, with the proximity to urban areas and roads being the most 

important factor (Romero-Calcerrada, et al. 2008) 

For more informaon, contact Gregory H. Aplet, Ph.D., Senior Forest Scien-

st, at greg_aplet@tws.org or 303-650-5818 x104. 

HUMAN ACTIVITY AND 
WILDFIRE 

 

• Sparks from cars, off-road  vehi-

cles, and neglected campfires 

caused nearly 50,000 wildfire  igni-

tions in 2000. (USDA 2000, Fuel 

Management and Fire Suppression 

Specialist Report, Table 4.)  

 

• More than 90%  of fires on national 

lands are caused by humans 

(USDA 1996 and 1998) 

 

• Human-ignited wildfire is almost 5 

times more likely to occur in a 

roaded area than in a roadless ar-

ea (USDA 2000, Table 3-19). 
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There are 375,000 miles of roads 

in our national forests.   
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Attachment 2: Using Road Density as a Metric for Ecological Health in National Forests:  

What Roads and Routes should be Included? 

Summary of Scientific Information  

Last Updated, November 22, 2012 

 

I. Density analysis should include closed roads, non-system roads administered by other 

jurisdictions (private, county, state), temporary roads and motorized trails. 

 

Typically, the Forest Service has calculated road density by looking only at open system road density.  

From an ecological standpoint, this approach may be flawed since it leaves out of the density 

calculations a significant percent of the total motorized routes on the landscape.  For instance, the 

motorized route system in the entire National Forest System measures well over 549,000 miles.1 By our 

calculation, a density analysis limited to open system roads would consider less than 260,000 miles of 

road, which accounts for less than half of the entire motorized transportation system estimated to exist 

on our national forests.2  These additional roads and motorized trails impact fish, wildlife, and water 

quality, just as open system roads do. In this section, we provide justification for why a road density 

analysis used for the purposes of assessing ecological health and the effects of proposed alternatives in 

a planning document should include closed system roads, non-system roads administered by other 

jurisdictions, temporary roads, and motorized trails.  

 

Impacts of closed roads 

 

It is crucial to distinguish the density of roads physically present on the landscape, whether closed to 

vehicle use or not, from “open-road density” (Pacific Rivers Council, 2010).  An open-road density of 1.5 

mi/mi² has been established as a standard in some national forests as protective of some terrestrial 

wildlife species.  However, many areas with an open road density of 1.5 mi/mi² have a much higher 

inventoried or extant hydrologically effective road density, which may be several-fold as high with 

significant aquatic impacts.  This higher density occurs because many road “closures” block vehicle 

access, but do nothing to mitigate the hydrologic alterations that the road causes.  The problem is 

                                                           
1
 The National Forest System has about 372,000 miles of system roads. The forest service also has an estimated 47,000 miles of 

motorized trails. As of 1998, there were approximately 130,000 miles of non-system roads in our forests. Non-system roads 

include public roads such as state, county, and local jurisdiction and private roads. (USFS, 1998) The Forest Service does not 

track temporary roads but is reasonable to assume that there are likely several thousand miles located on National Forest 

System lands.  
2
 About 30% of system roads, or 116,108 miles, are in Maintenance Level 1 status, meaning they are closed to all motorized use. 

(372,000 miles of NFS roads - 116,108 miles of ML 1 roads = 255,892). This number is likely conservative given that thousands of 

more miles of system roads are closed to public motorized use but categorized in other Maintenance Levels. 
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further compounded in many places by the existence of “ghost” roads that are not captured in agency 

inventories, but that are nevertheless physically present and causing hydrologic alteration (Pacific 

Watershed Associates, 2005). 

 

Closing a road to public motorized use can mitigate the impacts on water, wildlife, and soils only if 

proper closure and storage technique is followed. Flow diversions, sediment runoff, and illegal 

incursions will continue unabated if necessary measures are not taken. The Forest Service’s National 

Best Management Practices for non-point source pollution recommends the following management 

techniques for minimizing the aquatic impacts from closed system roads: eliminate flow diversion onto 

the road surface, reshape the channel and streambanks at the crossing-site to pass expected flows 

without scouring or ponding, maintain continuation of channel dimensions and longitudinal profile 

through the crossing site, and remove culverts, fill material, and other structures that present a risk of 

failure or diversion. Despite good intentions, it is unlikely given our current fiscal situation and past 

history that the Forest Service is able to apply best management practices to all stored roads,3 and that 

these roads continue to have impacts. This reality argues for assuming that roads closed to the public 

continue to have some level of impact on water quality, and therefore, should be included in road 

density calculations.   

 

As noted above, many species benefit when roads are closed to public use. However, the fact remains 

that closed system roads are often breached resulting in impacts to wildlife. Research shows that a 

significant portion of off-road vehicle (ORV) users violates rules even when they know what they are 

(Lewis, M.S., and R. Paige, 2006; Frueh, LM, 2001; Fischer, A.L., et. al, 2002; USFWS, 2007.). For instance, 

the Rio Grande National Forest’s Roads Analysis Report notes that a common travel management 

violation occurs when people drive around road closures on Level 1 roads (USDA Forest Service, 1994). 

Similarly, in a recent legal decision from the Utah District Court , Sierra Club v. USFS, Case No. 1:09-cv-

131 CW (D. Utah March 7, 2012), the court found that, as part of analyzing alternatives in a proposed 

travel management plan, the Forest Service failed to take a hard look at the impact of continued illegal 

use. In part, the court based its decision on the Forest Service’s acknowledgement that illegal motorized 

use is a significant problem and that the mere presence of roads is likely to result in illegal use.   

 

In addition to the disturbance to wildlife from ORVs, incursions and the accompanying human access can 

also result in illegal hunting and trapping of animals. The Tongass National Forest refers to this in its EIS 

to amend the Land and Resources Management Plan. Specifically, the Forest Service notes in the EIS 

that Alexander Archipelego wolf mortality due to legal and illegal hunting and trapping is related not 

only to roads open to motorized access, but to all roads, and that total road densities of 0.7-1.0 mi/mi² 

or less may be necessary (USDA Forest Service, 2008). 

 

As described below, a number of scientific studies have found that ORV use on roads and trails can have 

serious impacts on water, soil and wildlife resources. It should be expected that ORV use will continue to 

                                                           
3
 The Forest Service generally reports that it can maintain 20-30% of its open road system to standard. 
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some degree to occur illegally on closed routes and that this use will affect forest resources. Given this, 

roads closed to the general public should be considered in the density analysis. 

 
Impacts of non-system roads administered by other jurisdictions (private, county, state) 

 

As of 1998, there were approximately 130,000 miles of non-system roads in national forests (USDA 

Forest Service, 1998). These roads contribute to the environmental impacts of the transportation system 

on forest resources, just as forest system roads do. Because the purpose of a road density analysis is to 

measure the impacts of roads at a landscape level, the Forest Service should include all roads, including 

non-system, when measuring impacts on water and wildlife. An all-inclusive analysis will provide a more 

accurate representation of the environmental impacts of the road network within the analysis area.  

 

Impacts of temporary roads 

 

Temporary roads are not considered system roads. Most often they are constructed in conjunction with 

timber sales. Temporary roads have the same types environmental impacts as system roads, although at 

times the impacts can be worse if the road persists on the landscape because they are not built to last.    

 

It is important to note that although they are termed temporary roads, their impacts are not temporary. 

According to Forest Service Manual (FSM) 7703.1, the agency is required to "Reestablish vegetative 

cover on any unnecessary roadway or area disturbed by road construction on National Forest System 

lands within 10 years after the termination of the activity that required its use and construction." 

Regardless of the FSM 10-year rule, temporary roads can remain for much longer. For example, timber 

sales typically last 3-5 years or more. If a temporary road is built in the first year of a six year timber sale, 

its intended use does not end until the sale is complete. The timber contract often requires the 

purchaser to close and obliterate the road a few years after the Forest Service completes revegetation 

work. The temporary road, therefore, could remain open 8-9 years before the ten year clock starts 

ticking per the FSM. Therefore, temporary roads can legally remain on the ground for up to 20 years or 

more, yet they are constructed with less environmental safeguards than modern system roads.  

 

Impacts of motorized trails 

 

Scientific research and agency publications generally do not decipher between the impacts from 

motorized trails and roads, often collapsing the assessment of impacts from unmanaged ORV use with 

those of the designated system of roads and trails. The following section summarizes potential impacts 

resulting from roads and motorized trails and the ORV use that occurs on them.    

 

Aquatic Resources 

While driving on roads has long been identified as a major contributor to stream sedimentation (for 

review, see Gucinski, 2001), recent studies have identified ORV routes as a significant cause of stream 

sedimentation as well (Sack and da Luz, 2004; Chin et al.; 2004, Ayala et al.; 2005, Welsh et al;. 2006).  It 

has been demonstrated that sediment loss increases with increased ORV traffic (Foltz, 2006).  A study by 
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Sack and da Luz (2004) found that ORV use resulted in a loss of more than 200 pounds of soil off of every 

100 feet of trail each year.  Another study (Welsh et al., 2006) found that ORV trails produced five times 

more sediment than unpaved roads. Chin et al. (2004) found that watersheds with ORV use as opposed 

to those without exhibited higher percentages of channel sands and fines, lower depths, and lower 

volume – all characteristics of degraded stream habitat.   

 

Soil Resources 4 

Ouren, et al. (2007), in an extensive literature review, suggests ORV use causes soil compaction and 

accelerated erosion rates, and may cause compaction with very few passes. Weighing several hundred 

pounds, ORVs can compress and compact soil (Nakata et al., 1976; Snyder et al., 1976; Vollmer et al., 

1976; Wilshire and Nakata, 1976), reducing its ability to absorb and retain water (Dregne, 1983), and 

decreasing soil fertility by harming the microscopic organisms that would otherwise break down the soil 

and produce nutrients important for plant growth (Wilshire et al., 1977).  An increase in compaction 

decreases soil permeability, resulting in increased flow of water across the ground and reduced 

absorption of water into the soil.  This increase in surface flow concentrates water and increases erosion 

of soils (Wilshire, 1980; Webb, 1983; Misak et al., 2002).  

  

Erosion of soil is accelerated in ORV-use areas directly by the vehicles, and indirectly by increased runoff 

of precipitation and the creation of conditions favorable to wind erosion (Wilshire, 1980).  Knobby and 

cup-shaped protrusions from ORV tires that aid the vehicles in traversing steep slopes are responsible 

for major direct erosional losses of soil.  As the tire protrusions dig into the soil, forces far exceeding the 

strength of the soil are exerted to allow the vehicles to climb slopes.  The result is that the soil and small 

plants are thrown downslope in a “rooster tail” behind the vehicle.  This is known as mechanical erosion, 

which on steep slopes (about 15° or more) with soft soils may erode as much as 40 tons/mi (Wilshire, 

1992).  The rates of erosion measured on ORV trails on moderate slopes exceed natural rates by factors 

of 10 to 20 (Iverson et al., 1981; Hinckley et al., 1983), whereas use on steep slopes has commonly 

removed the entire soil mantle exposing bedrock.  Measured erosional losses in high use ORV areas 

range from 1.4-242 lbs/ft2 (Wilshire et al., 1978) and 102-614 lbs/ft2 (Webb et al., 1978).  A more recent 

study by Sack and da Luz (2003) found that ORV use resulted in a loss of more than 200 lbs of soil off of 

every 100 feet of trail each year.   

 

Furthermore, the destruction of cryptobiotic soils by ORVs can reduce nitrogen fixation by 

cyanobacteria, and set the nitrogen economy of nitrogen-limited arid ecosystems back decades.  Even 

small reductions in crust can lead to diminished productivity and health of the associated plant 

community, with cascading effects on plant consumers (Davidson et al., 1996).  In general, the 

deleterious effects of ORV use on cryptobiotic crusts is not easily repaired or regenerated.  The recovery 

time for the lichen component of crusts has been estimated at about 45 years (Belnap, 1993).  After this 

time the crusts may appear to have regenerated to the untrained eye.  However, careful observation will 

reveal that the 45 year-old crusts will not have recovered their moss component, which will take an 

additional 200 years to fully come back (Belnap and Gillette, 1997). 
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Wildlife Resources 5 

Studies have shown a variety of possible wildlife disturbance vectors from ORVs.  While these impacts 

are difficult to measure, repeated harassment of wildlife can result in increased energy expenditure and 

reduced reproduction.  Noise and disturbance from ORVs can result in a range of impacts including 

increased stress (Nash et al., 1970; Millspaugh et al., 2001), loss of hearing (Brattstrom and Bondello, 

1979), altered movement patterns (e.g., Wisdom et al. 2004; Preisler et al. 2006), avoidance of high-use 

areas or routes (Janis and Clark 2002; Wisdom 2007), and disrupted nesting activities (e.g., Strauss 

1990). 

 

Wisdom et al. (2004) found that elk moved when ORVs passed within 2,000 yards but tolerated hikers 

within 500 ft.  Wisdom (2007) reported preliminary results suggesting that ORVs are causing a shift in 

the spatial distribution of elk that could increase energy expenditures and decrease foraging 

opportunities for the herd.  Elk have been found to readily avoid and be displaced from roaded areas 

(Irwin and Peek, 1979; Hershey and Leege, 1982; Millspaugh, 1995).  Additional concomitant effects can 

occur, such as major declines in survival of elk calves due to repeated displacement of elk during the 

calving season (Phillips, 1998).  Alternatively, closing or decommissioning roads has been found to 

decrease elk disturbance (Millspaugh et al., 2000; Rowland et al., 2005).   

 

Disruption of breeding and nesting birds is particularly well-documented.  Several species are sensitive 

to human disturbance with the potential disruption of courtship activities, over-exposure of eggs or 

young birds to weather, and premature fledging of juveniles (Hamann et al., 1999).  Repeated 

disturbance can eventually lead to nest abandonment.  These short-term disturbances can lead to long-

term bird community changes (Anderson et al., 1990).  However when road densities decrease, there is 

an observable benefit. For example, on the Loa Ranger District of the Fishlake National Forest in 

southern Utah, successful goshawk nests occur in areas where the localized road density is at or below 

2-3 mi/mi² (USDA, 2005). 

 

Examples of Forest Service planning documents that use total motorized route density or a 

variant 

 

Below, we offer examples of where total motorized route density or a variant has been used by the 

Forest Service in planning documents. 

 

 The Mt. Taylor RD of the Cibola NF analyzed open and closed system roads and motorized trails 

together in a single motorized route density analysis. Cibola NF: Mt. Taylor RD Environmental 

Assessment for Travel Management Planning, Ch.3, p 55. 

http://prdp2fs.ess.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5282504.pdf.  

 

 The Grizzly Bear Record of Decision (ROD) for the Forest Plan Amendments for Motorized Access 
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Management within the Selkirk and Cabinet-Yaak Grizzly Bear Recovery Zones (Kootenai, Lolo, 

and Idaho Panhandle National Forests) assigned route densities for the designated recovery 

zones. One of the three densities was for Total Motorized Route Density (TMRD) which includes 

open roads, restricted roads, roads not meeting all reclaimed criteria, and open motorized trails. 

The agency’s decision to use TMRD was based on the Endangered Species Act’s requirement to 

use best available science, and monitoring showed that both open and closed roads and 

motorized trails were impacting grizzly. Grizzly Bear Plan Amendment ROD. Online at   

cache.ecosystem-management.org/48536_FSPLT1_009720.pdf.  

 

 The Chequamegon-Nicolet National Forest set forest-wide goals in its forest plan for both open 
road density and total road density to improve water quality and wildlife habitat.  

  
I decided to continue reducing the amount of total roads and the amount of open road 
to resolve conflict with quieter forms of recreation, impacts on streams, and effects on 
some wildlife species. ROD, p 13. 

 
Chequamegon-Nicolet National Forest Land and Resource Management Plan Record of Decision. 
Online at http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5117609.pdf.  

 

 The Tongass National Forest’s EIS to amend the forest plan notes that Alexander Archipelago 
wolf mortality due to legal and illegal hunting and trapping is related not only to roads open to 
motorized access, but to all roads, and that total road densities of 0.7-1.0 mi/mi² or less may be 
necessary.  
 

Another concern in some areas is the potentially unsustainable level of hunting and 
trapping of wolves, when both legal and illegal harvest is considered. The 1997 Forest 
Plan EIS acknowledged that open road access contributes to excessive mortality by 
facilitating access for hunters and trappers. Landscapes with open-road densities of 0.7 
to 1.0 mile of road per square mile were identified as places where human-induced 
mortality may pose risks to wolf conservation. The amended Forest Plan requires 
participation in cooperative interagency monitoring and analysis to identify areas where 
wolf mortality is excessive, determine whether the mortality is unsustainable, and 
identify the probable causes of the excessive mortality. 
 
More recent information indicates that wolf mortality is related not only to roads open 
to motorized access, but to all roads, because hunters and trappers use all roads to 
access wolf habitat, by vehicle or on foot. Consequently, this decision amends the 
pertinent standard and guideline contained in Alternative 6 as displayed in the Final EIS 
in areas where road access and associated human caused mortality has been 
determined to be the significant contributing factor to unsustainable wolf mortality. The 
standard and guideline has been modified to ensure that a range of options to reduce 
mortality risk will be considered in these areas, and to specify that total road densities of 
0.7 to 1.0 mile per square mile or less may be necessary. ROD, p 24. 

 
Tongass National Forest Amendment to the Land and Resource Management Plan Record of Decision 

and Final EIS. January 2008. http://tongass-fpadjust.net/Documents/Record_of_Decision.pdf 

file:///C:/Users/joshh/Documents/Works%20in%20Progress/TAP%20-%20Best%20of/cache.ecosystem-management.org/48536_FSPLT1_009720.pdf
http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5117609.pdf
http://tongass-fpadjust.net/Documents/Record_of_Decision.pdf
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